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CHAPTER ONE 
INTRODUCTION 
1.1 REVIEW OF PREVIOUS WORK 
Journal bearings are used very widely in industry and transportation and 
their failures have been a great concern to engineers. The work presented here 
covers the resnlt of an investigation into the fatigue failures of oil lubricated plain 
journal bearings. 
Fatigue in mechanical elements occurs when the material fails due to 
repeated variation of stresses which are nominally lower than those needed to 
cause failure under steady load. A common way to present the results of a 
fatigue investigation is to plot them on an S-N diagram (i.e. stress vs. number of 
cycles to failure). As fatigue life also depends upon characteristics of the loading 
pattern, the state of the material, and the shape of the component being tested, to 
ensure reliability of a design actual components are tested. 
In internal combustion engines, such as diesel engines, the sizes of the 
big-end bearing of the connecting rods are limited for economic and other 
reasons. Shorter bearings generate higher oil pressure for given a.pplied loads, 
therefore the bearing shell, which consists of a very thin layer of soft material 
bonded to a steel backing, has to withstand high fluctuating stresses. The main 
research in this field has been aimed at improving bearing materials or at 
understanding how these bearings operate hydrodynamically. There has been 
little work done to understand the reasons for fatigue failure in terms of induced 
stresses. 
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Blount [1] experimentally investigated design factors influencing the 
fatigue resistance of journal bearings. His test rig was capable of applying a 
sinuosoidal variation of loads on bearings. Test results showed that using a very 
thick rigid housing increased the load carrying capacity of a bearing. This is 
usually not permissible due to space limitation in I.e. engines. Bearings with a 
circumferential 011 groove in the middle, which were expected to opera,te on a 
lower temperature due to better oil flow, were found to run 6 degC to 8 degC 
hotter than ungrooved bearings. He reported this to be due to the lower oil film 
thickness and higher rate of generated heat. He also reported 50% reduction in 
fatigue life when bearings with .008 11 diametral clearance were used instead of 
.004". 
Gyde (2] carried out a series of experiments with different mean and 
amplitude load settings on journal bearings in a test rig, aiming to find a 
boundary which would separate the failed bearings on an applied load plot. His 
test results were presented as a set of design curves, which indicated the range of 
safe combinations of loads (mean, amplitude) for trouble operation. He 
reported that in a well aligned journal bearing (i.e, parallel bearing and journal 
axes) failures shoul d occur in the centre of the bearing length, that is, away from 
the edges. 
Gyde used Roach and Johnson's method [3] to calculate the principal stress 
distributions. Although this method gave a rough estimate of stresses, which 
were symmetric about the peak point, it showed that the tangentiaJ stresses, 
which were compressive under the pressurised oil film, became tensile near the 
edge of the oil film (where the pressure drops to zero). He explained fatigue 
fracture in journal bearing as being due to variations in these stresses between 
tension and compression generated by load induced oil film changes, which he 
believed will take place when oil film cavitation occurs. He also noticed that 
higher operating temperature or cliametral clearance reduces the permissible load 
amplitude. 
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McCallion and Ibrahim [4] calculated the stresses in a bimetallic strip of 
white metal and steel backing subjected to the following types of loading: 
parabolic variation of pressure on the white metal surface with the steel backing 
resting on a rigid support; a sinusoidal variation of displacement in the strip due 
to the housing; raising the strip's temperature uniformly; and lack of support for 
the shell due to an oil groove in the housing. The computations were performed 
by using a finite difference representation of the governing differential equations 
based on plane strain assumption. A successive over relaxation technique was 
applied in solving the equations for displacement from which the stresses were 
calculated. 
They concluded that housing flexibility and thermal expansion were the 
most significant factors in raising the stresses, followed by those due to the lack of 
complete support of the bearing shell due to the presence of oil feed channels. 
They also found a high shear stress, which occurred at the interface of two metals 
close to the free edge. This was thought to be important in weakening the 
metallic bond and causing failure. 
Hassan [5] investigated the fatigue cracking in the dynamically loaded 
journal bearing's of a test rig. To calculate the pressure distribution, he used the 
program developed by Lloyd and McCallion [6]. Hassan showed that cracks were 
initiated at the surface of a bearing and then propagated toward the interface. 
The metallic bond at the interface was so strong that some cracks continued to 
propagate into the steel backing. Hassan related the circumferential position of 
failure to some oil film parameters, like maximum ~, p ~ and the axial dx dx 
position of failure to maximum P g¥ ' but he gave no scientific reason such as 
stress calculation for these correlations. 
Blundell [7] investigated experimentally the fatigue failure of journal 
bearings and reported the position and time of failure of bearing shells subjected 
to a wide variety of loading patterns. He then used the computer program 
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developed by Lloyd and McCallion to generate the variation in the pressure 
distributions with time due to each loading pattern. These pressure distributions 
were taken as the input loads to his finite element stress analysis. Unfortuantely, 
Blundell's work concentrated on analysing the shear stress at the interface 
between the two metals, which has been proved by Hassan not to be the initial 
location of failures. His S-N diagram (stress vs. number of cycles to failure) for 
the shear stresses resulted in some scattered points on the diagram. Blundell 
also investigated the thermal stresses induced in the bearing shell and showed 
that among the principal thermal stresses the radial stresses were significant but 
still very low relative to the radial stresses due to the oil pressure at the surface. 
He found that the tangential stresses due to thermal expansion were negligible. 
Martin, Garner and Adams [8] reported the result of stress analysis of 
Gyde's experimental data. They applied the mobility method, which is based on 
the short bearing theory, to find the approximate shape of pressure distribution 
curves. Their finite element stress analyses were carried out Oll a flat geometry 
as a rough approximation to a circular bearing shell. They came to the 
conclusion that tensile stresses with sufficient magnitude to cause fatigue failure 
were produced in the bearing shell. They reported a close correlation between 
the position of maximum tensile stress and the point of failure. 
1.2 SCOPE OF THE DISSERTATION 
This work covers an investigation of stresses produced in dynamically 
loaded journal bearings of two different test rigs. The results of a detailed study 
of all the stresses at different depths produced in a circular geometry representing 
the bearing shell are discussed. A finite difference program developed by Lloyd 
and McCallion was modified and used to generate the centreline oil pressure 
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distributions. Finite element stress analysis codes from the work of Hinton (21] 
were chosen and modified to enable the program to work in both polar and 
cartesian form (Le. for computing the stresses in the radial and tangential 
directions due to centreline pressure distributions or the stresses in axial direction 
due to parabolic variation of pressure). 
Sensitivity of journal bearing performance to some input load parameters) 
which changes the oil pressure distribution and affects the stresses jnduced in the 
bearing shell, are investigated. Numerical simulations of experimental work of 
other researchers are performed. Different types of stresses induced in the white 
metal la.yer were investigated and the one responsjble for the failure was 
determined. Mean and amplitude values of stresses are used plotting the 
Modified Goodman Diagram. The stress versus number of cycles to failure (S-N 
diagram) are plotted. The difference between the time variation of stresses at 
the point of failure for cases in which the direction of the input load locus is the 
same as or opposite to the shaft rotation are studied in detail. A crack closure 
model capable of estimating the stresses at the tip of a surface crack filled vvith oil 
is developed and used to relate the fatigue stresses on the bearing shell to the 
stresses at the tip of a surface crack during its closure. The effects which this 
model has on the S-N diagram, for a parallel and V-shaped crack assumptions, 
are studied. 
Chapter Two presents the hydrodynamic theory of lubrication and 
attempts to solve the Reynolds' equation including the finite difference method of 
Lloyd and McCallion which is the basis of all the calculation in this work. 
Chapter Three explains the modification made to the Lloyd and McCallion 
program) and the finite element program including how it works in both cartesian 
and polar forms. Extrapolation) Interpolation, Automatic mesh generating, and 
some plotting routines are also discussed. 
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Chapter Four shows how the variation of parameters sllch as temperature, 
diametral clearance, bearing land length, and the direction of rotation of input 
load affects the pressure distribution and eccentricity locus. It also covers the 
sensitivity of results to slight variation in input load and discusses the type of 
stress responsible for the failure of a bearing. 
In Chapter Five, the results of the numerical simulations of the 
experimental tests of other workers, performed with the help of the bearing 
performance program and the finite element program (Chapter Three), are 
explained. Some stress distributions and scattering of the results on the S-N 
diagram which persuaded us to study crack closure are discussed. 
Chapter Six explains the finite element stress analysis of a crack filled with 
oil under the action of surface stresses (crack closure model). The effects which 
this model has in increasing the stresses at the tip of a crack, by applying it to the 
results obtained from numerical simulation of Blundell's and Cyde's work and 
observing the changes which it brings to the S-N diagram and the sensitivity of 
the final results to small variation of input load data are discussed. 
Finally, a brief summary and the conclusions are discllssed in Chapter 
Seven. 
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CHAPTER TWO 
HYDRODYNAMIC THEORY OF LUBRICATION 
Hydrodynamic theory of lubrication originated by Beauchamp Tower [9] 
who was doing experiments on the railroad journal bearings to determine their 
coefficient of friction. He drilled a hole at the top of a bearing to pour in the 
lubricant, but he noticed that oil flowed out when the journal was rotated. He 
tried to stop the oil flowing out of the bearing by inserting a cork but it was 
forced out so he measured the pressure with a gauge and was surprised to find 
that the pressure was more than twice the load per projected area on the bearing, 
but he had no explanation for this. He also noticed that the pressure had a 
parabolic distribution across the bearing. Later, Osborne Reynold [10], who was 
interested in Tower's work, found a mathematical relation between the friction, 
the pressure and the velocity. He pointed out that since the journal's diameter 
was less than the bearing's diameter, they were not concentric. This would give 
rise to a wedged-.shaped oil film. The above discovery was represented by an 
equation known as the Reynolds' equation which was restricted to isoviscous, 
incompressible fluids. But today, this name is applied very loosely to allY 
equation relating to hydrodynamic lubrication. 
2.1 A SIMPLE EXPLANATION OF THE REYNOLDS' EQUATION 
In a full journal bearing under the action of rotation the journal pumps the 
lubricant around the bearing. Newton's law of viscous flow states that the shear 
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stress in the fluid is proportional to the rate of change of velocity with respect to 
y. 
F 
F 
T=7\ 
h Y I 
Fi g. 2.1 
(2.1) 
u 
I 
where It is the absolute viscosity of fluid and u is its velocity at x,y coordinates. 
vVe now consider a fluid element Fig. 2.2 with the dimensions dx, dy, dz 
and sum the normal forces due to the pressure which act on its vertical sides and 
shear forces which act on its horizontal sides. 
Tdxdz 
Fig,2.2 
F = (p + ~dx) dydz - pdydz + 7dxclz - (7 + 8r dy)dxdz O. 
This reduces to 
dp 87 
ax Of 
substituting for r from Equation (2.1) 
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(2.2) 
(2.3) 
(2.4) 
integrating this equation with respect to y and using the boundary conditions 
@y 0 u=O 
@y=h u=U 
U 1 dp ( u = --- y + - :r:::- y2 h 2p, ux 
(2.5) 
Equa,tion (2.5) gives the velocity of lubricant as the superposition of a. parabolic 
and linear distribution at a particular ~ancl y. 
Fig.2.3 
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By integrating Equation 2.5 with respect to y, the volume of lubricant flowing in 
x direction Q is obtained. 
x 
Q + Q _ Uh _ h 3 dp Qx lX 2X - 2 12t1, <Ix 
Similarly the volume of lubricant flowing in z direction Q is obtained as 
z 
h3 dp 
- 12p, Qz 
(2.6) 
(2.7) 
Equating the flow rate to the rate of change of prism volume as given in 
Fig. 2.4 relates the pressure and position of any point inside the lubricant film by 
EquaUon (2.8) which is known as the Reynolds' equation. 
v (Velocity) 
dQ2z 
(Q + oz)ox 
- 2z 
dZ 
/ 
# dQ 
2x Ox) oz 
Ox 
+ a (h
3 ap\ _ 6TJ all _ 12\1 j.I, • (JiJ -) (]X (2.8) 
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2.1.1 Boundary Conditions 
Solutions to the Reynolds
' 
equation are boundary value dependent, and the 
II true II boundary conditions are still a subject of research. The following 
approximations have been used by previous workers. 
In 1904 Sommerfield [11] gave the first closed form solution to the one 
dimensional Reynolds
' 
equation, which is for an infinitely long bearing (neglecting 
the axial pressure flow). He assumed a continuous 3600 oil flow, that is, no oil 
film disruption. This gave unrealistic negative pressures. In the next important 
development, Swift [12] developing Reynolds I work for an infinitely long bearing, 
proposed a zero derivative for the pressure as the boundary condition at the oil 
film breakdown boundary. 
The development of relaxation methods by Southwell [13] in 1940 and their 
application by Christopherson [14] paved the way for the numerical solutions of 
the lubrication problems. In 1957 Jackobson and Floberg [15] published a 
theoretical analysis of oil film disruption by supporting the zero pressure gradient 
at breakdown boundary. Hornell and McCallion [16] in 1963 applied the above 
boundary conditions to the numerical analysis of a boundary for a bearing with a 
circumferential oil groove. 
Gumbel and Everling [17] gave an alternative approximation by proposing 
that the Sommerfield conditions should be assumed in finding a preliminary 
solution and that the final solution is obtained by ignoring the negative pressures 
of the preliminary solution. The above boundary condition which is simple to 
apply and gives results of acceptable accuracy was used by Lloyd and McCallion 
[18]. This procedure has been used as the basis of all the calculation in this 
work. 
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2.2 LLOYD AND McCALLION'S APPROACH IN SOLVING THE 
REYNOLDS' EQUATION 
It is usual to consider both the tangential and the normal surface motion 
to be confined to the journal only as shown in Fig. 2.5a. During the motion, the 
velocity v which causes a change of prism volume as in Fig. 2.4 is given by 
equation 
- u ah + v-- Ox va (2.9) 
va is due to the journal's radial velocity. After substituting the above and 
assuming the journal and bearing centrelines to be parallel and the viscosity to be 
constant, the Reynolds' equation becomes 
(2.10) 
considering Fig. 2.5b, the film thickness h may be related to the eccentricity e 
and its angular position x as 
(R + C)2 = (R + 11)2 + e2 - 2e (R + h) cos (~) (2.11) 
since c2, h2, e2 and eh are small compared to the rest, they are neglected, giving 
x h = c + e cos(R) (2.12) 
U, va and x may be related to the angular velocity w, to the rate of change of 
distance between centres M-and to the angular velocity of the line of centres ~f 
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( a) 
( b) 
Fig. 2.5 
9:4>_ - de U Rw - e Qtcos 27f X + atsin 27f xc:: Rw 
d$ - de Vo e rtsin 27f x - atCOS 27f x 
By substituting (2.13)) (2.14) into the Reynolds' equation gives 
2 d$l + 2 de cos(~)} crrr ill R . 
The above equation may be made non-dimensional by assuming 
x x/(27rR) z = z/L e f. C 
P p/[I}w(~2] II = h/c 
b 1-2 at /w b /= ¥t-/w 
Thus 
L 1-13 oP + 2 I-I3 02p = 247f2[-bf. sin 27fX + 2b ' cos 2IDZ] 
ox ( ox (L OZ2 
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(2.13) 
(2.14) 
(2.15) 
(2.16) 
(2.17) 
The first term on the right hand side of this equation is due to the wedge film 
effect which include the steady rotation of journal plus the tangential motion of 
its centre, while the second term is due to the radial movement of the journal 
centre that is the squeeze film effect. In Section 2.2.3 it will be explained how 
the finite difference method is used to solve the above equation by treating the 
wedge and squeeze effect separately. 
15 
2.2.1 Approximations and Limitations of the Program 
To analyse the performance of the journal bearing under full dynamic 
loading, a computer program developed by Lloyd, McCallion [6] was used. But, 
in order to prepare the program for a more accurate stress analysis, some 
modifications were required as explained in Chapter Three. The program has 
been successfully tested and used over a period of years by Lloyd [6], Patrick [19], 
Hassan [5], and Blundell [7]. 
The following assumptions were made by Lloyd and McCallion to make the 
calculations simpler and more economical but of course they limit the 
applicability of the program. 
(a) Reynolds I assumptions in deriving his equation which are -
The fluid is isoviscous and incompressible. 
The fluid flow is Newtonian and laminar. 
The fluid thickness is very small when compared with the 
diameter of bearing. This allows surface curvature and 
change in pressure across the oil film to be neglected. Velocity of 
fluid perpendicular to the surface is negligible when compared with 
the velocity parallel to it. 
The inertia force of the fluid may be neglected. 
There is no slip. This requires that the moving surface and the 
fluid in contact with it have the same velocity. 
(b) Both the journal and bearing surfaces are assumed to remain rigid circular 
cylinders. This neglects any kind of deformation of them during the 
operation. 
(c) Journal and bearing remain perfectly aligned during the operation. 
(d) Since journal's acceleration relative to the bearing is very small, the 
corresponding inertia forces are negligible. 
(e) All the negative pressures are taken to be zero. 
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(f) The oil feed to the bearing is by a centre circumferential groove or else it is 
ignored. 
(g) Length to diameter ratio of the bearing, LID should remain below 0.75. 
2.2.2 A Brief Description of the Program 
The main object of the program was to calculate the path in time of an oil 
lubricated journal relative to its bearing under full dynamic loading. A finite 
difference assumption of Reynolds' equation was solved iteratively for both wedge 
and squeeze film terms separately, assuming no film disruption and no feed 
pressure. This gives symmetries in both circumferential and axial directions at 
the point of minimum film thickness. Therefore each bearing side was divided 
into four equal parts reducing the number of meshes to a quarter (16 x 4). 
Computational time was reduced accordingly. Fig. 2.6 shows the block diagram 
of the program logic. To calculate the journal centre locus, an arbitrary journal 
centre position and velocity was chosen. \IVedge and squeeze film pressure 
distributions were calculated at various carefully spaced eccentricity ratios by the 
Gauss-Siedel over relaxation technique. The total pressure was then found and 
summed in both circumferential and axial directions to give the oil film force F on 
the journal centre. The radial and tangential components of the above internal 
forces F
r
, F t must always balance the two fixed A & B components of the applied 
external force P 'P j as shown in Fig. 2.6 by Equation (2.18). a ) 
P a cos 4> + P b sin 4> + FrO 
(2.18) 
-P a sin 4> + P b cos 4> - F t = 0 
Lot{jl 'On'llHOU'\(::I 
dI.cloltd tlveti I, .. rtv 
B 
W.dUIi terra., 
s,Ye/l:U IOrfljO' 
Block diagram of the bearing analysis program 
Ft 
\ \ Rotation Fr 
~~L---------~A o 
(after Lloyd and McCallion [6]) 
Fi 9,2.6 
17 
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Since t are functions of t) *) ~t ' the above equation relates the external 
load P a)P b to the journal centre position and velocity which is the basis of the 
locus prediction. The accuracy of solution on each step was checked by 
balancing the applied load and calculated oil film force to within 1% difference. 
Otherwise, the time step length was halved or doubled. 
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CHAPTER THREE 
MODIFIED LLOYD AND FINITE ELEMENT PROGRAMS 
In this chapter, some modification to the Lloyd and McCallion program for 
calculating centreline pressure distribution and the Finite Element program for 
calculating the stresses are explained. Extrapolation, interpolation, and plotting 
routines are discussed. 
3.1 MODIFICATION OF THE LLOYD'S PROGRAM 
3.1.1 Constant Graded Meshes 
Since the dynamically loaded journal bearing operates at a high 
eccentricity ratio, Lloyd [18] decided to have a high density of meshes near the 
point of minimum film thickness. This is close to where the lubricant film 
pressure is generated. used the following relation to calculate the spacing 
between the graded meshes in the circumferential direction, which becomes finer 
as it gets closer to the point of minimum film thickness (as i increases) 
.0:.x. 
1 
[1 + c£ cos .,....,..~---f-.t 1m 
f is the eccentricity ratio, c is an arbitrary constant and m is the number of 
meshes in the circumferential direction. As the shaft rotates the eccentricity 
ratio f and consequently meshes spacing L}.Xi changes. Since calculation of 
stiffness matrix I K I in the finite element method is dependent on the mesh 
geometry, it is very advantageous to keep the grading of a very finely graded 
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mesh constant) as time and ( changes, but rotate it with the shaft in such a way 
that the finest mesh is always located at the position of minimum film thickness 
as it is shown in Fig. 3.1. This gives very accurate oil film results but its main 
advantage is that the stiffness matrix for the stress analysis of the bearing needs 
to be formed only once. This is very economical when stresses under many 
loading conditions are required, as in this work. 
(a) ( b) 
Fig.11 
To prevent the possible loss of accuracy involved in the above decision, it was 
decided to increase the number of meshes in the circumferential direetion from 32 
which was suggested by Lloyd to 112. This enabled us to have extremely fine 
meshes (1 0 spacing) in the critieal section between the peak pressure and the 
minimum oil film. Fig. 3.2 shows the finely graded mesh which was used in both 
modified Lloyd and finite element programs. Table 3.1 gives a list of spacings 
between the meshes. 
1 
21 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
Radial and circumferential mesh gradings 
F'\9,3.2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
Region 
1 
2 
3 
4 
5 
6-10 
Angle 
(Deg) 
o - 60 
60 -120 
120 - 150 
150 176 
176 180 
180 360 
Angular space 
(Deg/node) 
6 
4.286 
2.5 
1.625 
l. 
symmetric 
Table 3.1 
3.1.2 Input Load Data 
The dynamic input load in Blundell's [7] experiments were generated by 
four digitally controlled hydraulic rams. The resulting local locus shown in Fig. 
3.3a were not smooth curves. To generate a similar load diagram (Fig. 3.3b) to 
calculate the input load data for the Lloyd program, the two sinusoidal functions 
(3.1), (3.2) were used. 
B 
B 
a a 
b A b A 
b b 
( a) ( bl 
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(3.1 ) 
(3.2) 
F A J F B . are the A & B components of force F at different instants of time, 
(t) (t) 
while aA ' mA and aB ' mB are the amplitude and mean loads on the A & B a.-x:es 
respectively. rp is the phase angle (time lag between the operation of the two 
pistons). To simulate Blundell's experiments, amplitude and mean load values 
aA, aB, mA' mB for each individual test were carefully measured from his load 
diagrams, sinular to Fig. 3.3a. Different values for rp were tried to make the load 
diagra.m as close as possible to those from the experiments. 
3.1.3 Pressure Distribution 
Subroutine peak in the program was also modified to store the centreline 
oil pressure and its angular position at different instants of time, as two 
dimensional arrays. These were then used by the finite element program to 
calculate the stresses. 
3.1.4 Plotting the Results 
A plotting subroutine was \vritten to present the input load data, 
eccentricity ratio and pressure distribution at different instants of time. NCAR 
plotting library [20] was used here. Fig. 3.4a,b show the input load and the 
eccentricity loci. Points 1, 2, 3, 4 corresponds to the four equal intervals of time 
B 
o. i6EtOO 
O.lOftOO 4, 
A 
1\ 
I 
I lr-
-olOftOO rtJ~ 
I I l. 
I I 
.--------r------r-~----......... ----___.--__4 -----r---~---
o (c) 
TEST NO 505 CO ROTATIONAL LOAD. 1 LAND BEARING 
Operating temperature = 48.30 C 
Diametral clearance .0033" 
Bearing land length == 1.16" 
Rotational speed 1050 RPM 
Load amplitude (A Axis) 1000 LbF 
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in a complete revolution of the shaft. Fig. 3.4c shows the centreline pressure 
distribution at different instants of time in that shaft revolution. Points I, 
2, ..... 39 indicates the peak of each pressure curve. 
3.2 FINITE ELEMENT METHOD (FEM) 
For computing the stresses produced in the bearing due to the oil pressure, 
the finite element method was used. Since the geometry of the bearing) loads on 
it and the required deflections and stresses were all in polar form (radial) 
tangential) codes from the work of Hinton [21] were chosen and modified to 
enable the program to work in both polar and Cartesian form (i.e. for computing 
the stresses in the radial and tangential directions due to the centreline pressure 
distribution or the stresses in the axial direction due to the parabolic variation of 
pressure). An automatic mesh generating program was also written. Major 
changes were made in the methods Hinton used for data handling and to enable 
the program to handle multiple loading cases. 
3.2.1 FEM in Cartesian Form 
displacements at any point within a two dimensional element of the 
general shape shown in Fig. 3.5 may be represented by 
n 
u( e) 1]) - N i ( e) 17) . ui (3.3a) i~l 
n 
v( e,''l) i~l Ni(~,17). Vi (3.3b) 
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where ui ' vi are the x,y components of the displacements at any nodal point i. 
Ni known as the shape functions depend on local coordinates (e, 71)· 
The coordinates x and y at any point i inside the element domain can be 
described similarly as 
8 
x( ~,17) i~l N'/e,71).xi (3.4a) 
8 
Y(~,71) N'j(e,71). Yi (3.4b) 
5 
6 
4· 
2 3 
Fig :3 5 
.. 
It may be assumed that both the displacement and the coordinates may be 
represented by the same shape function (i.e. Nj and N' i are identical). The 
element are then called isoparametrk. The two dimensional quadratic shape 
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function for this element are 
(3.5) 
t(1+~)(l+77)(~+77 1) 
i(l-~)(1+77) ~+77 1) 
in order to compute the displacement and the stresses, the stiffness matrix I K Ie 
for each element had to be determined. This was done by integrating (3.6) over 
the element IS area (A ) 
e 
IKl e = f IBI IDllBldA 
Ae 
(3.6) 
The strain matrix I B I relates the strain and displacement at Gauss points within 
each element (sampling points 1), .... ,9 for integration) as shown in Fig. 3.5 
n 
B.8. 
1 1 
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(3.7) 
Bj is the derivatives of the shape functions with respect to the global coordinates 
x,y 
oN. 0 
1 
B. 0 oN. (3.8) 
1 1 
--0-
oN. ON. 
1 1 
OJ 
The derivatives of a function f( e, 1]) within an element with respect to its local 
coordinates e,1] are 
oN. 
1 f. (3.9) 
1 
where fj are the displacements u,v or coordinates x,y. But as mentioned earlier, 
its derivative has to be determined in the global coordinate system X,y namely 
Of of This can be done by taking the inverse of Jacobian matrix J(~,1]) and 
applying the chain rule 
Ox oN oN. 1 
8 or- x. 7J[ y. 1 1 
J oN. (3.10) oN 1 
Oil x. 7Fil Yi 1 
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I J 1-1 PJx ~ 1 ~ -~ Pjy det J ax -7J1f (3.11) 
The Cartesian derivative of the function is 
~ PJx ~ ~ 7J Pjy Of TJ (3.12) 
aN aN By substituting N for f, the required terms in (3.8) namely . OJ are found. 
aN ~<. ar: y ~UN uN TJ (3.13) 
Having evaluated B., the element stiffness I K I, displacement 181 and stresses 
1 
I (II may be computed in Cartesian coordinate system. 
3.2.2 FEM in Polar Form 
Displacements in polar coordinates u I, V I, are determined from the 
Cartesian form by using the transformation matrix I T I 
cos 0 -sine 
ITI 
cose sine 
(3.14) 
The polar components of nodal forces and displacements are related to the 
Cartesian components by 
p 
x 
u 
v 
T 
T 
T 
p 
y 
u ' 
v 
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(3.15) 
(3.16) 
nodal forces and displacements are related to each other by the 2 x 2 submatrix 
K. .. IJ 
p u· x. J 1 K .. (3.17) 
P IJ v· y. J 1 
By~substituting (3.15), (3.16) in (3.17), an equivalent expression for nodal forces 
and displacements in the polar coordinate system is obtained. 
p u. , 
x. J 1 K' .. 
P IJ V. 
(3.18) 
y. 
1 J 
where 
(3.19) 
To obtain the displacements in polar coordinates, the stiffness and nodal forces of 
each element's has to be transformed according to (3.19) and (3.15). 
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Since the strain displacement relationship III the finite element 
approximation can be written as 
f (3.20) 
The stresses at any point inside the element may be expressed as 
(J DBf. (3.21) 
D is the property matrix and (J, B, f are the stresses, strain, displacement 
matrices in polar form. 
The strain matrix in polar coordinates may be expressed as 
aN 0 
B. N. 1 aN (3.22) 1 
1 7J7T r r 
1 aN aN. N. 1 1 
r 7J7T or- r 
T'h 1 d" f 1 1 f . aN aN d . db' e po ar envatlVes 0 t le Slape unctIOns , were etermIlle· . y usmg 
Cartesian derivatives of shape functions and the chain rule as follows 
aN aN Ox + aN !!:LI' ar = Uxor Dr 
aN oN ax + aN !bL 
W=ax7Jr aT 
(3.23a) 
(3.23b) 
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where 
ax 
cosO } sinO 
U- cosO ox = -sinO (3.24) 
aN 1 aN 
R7J7J 
Thus 
~ aN ~ cos (} -RsinO aN oN sinO (3.25) aN RcosO -x y 
rand 0 are the radius and the angle of each Gauss point. 
The above procedure enabled the program to compute the displacement 
and stresses for both circular and rectangular geometries (i.e. in circumferential 
direction due to centreline oil pressure or in axial direction due to parabolic type 
of oil distribution). The resultant stresses in circular geometry are obviously in 
polar form which is very advantageous. 
3.2.3 Data Handling 
Data preparation is a major part of any finite element analysis. It would 
therefore be extremely advantageous to be able to generate the data 
automatically, both in the saving of time and in the reduction of the possibility of 
errors. The numbering of the nodes (element topology) and the calculating of 
their coordinates and angular positions were done automatically by a computer 
program written for the purpose. It required only the data to describe the 
geometry of the system and the sizes of its elements. The data generated by the 
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program was checked by the plotting routine. Fig. 3.2 shows how the 280-
elements (56 x 5) were graded in both circumferential and radial directions. The 
56 elements in circumferential directions were graded according to Table 3.1. In 
the radial direction there were two elements in the white metal, one element in 
the steel backing and two elements in the thick housing sections. These required 
a total of 952 nodes to represent the structure. A second group of data specified 
the control parameters such as the number of nodes, number of elements, 
constrained nodes and material properties which were all prepared manually. 
The centreline oil pressures and their nodal angular positions computed for each 
instant of time of the dynamic loading cycle was the third major group of data. 
These were prepared by the modified Lloyd program (Chapter 3) and were stored 
on the disc file. 
3.:-1 EXTRAPOLATION, INTERPOLATION AND THE PLOTTING 
ROUTINE 
The finite element method which was explained in Section 3.2 outputs the 
stresses at (3 x 3) Gauss paints of each element. These are not equally spaced 
around the bearing so values at equally spaced fixed points around the bearing 
had to be found. Some plotting routines were also written to present the stresses 
graphically. 
3.3.1 Extrapolation 
In a numerical integration scheme such as FEM, experience has shown that 
Gauss points are the best locations to compute the stresses. Nodal points which 
are the most useful points for the output, appear to be the worst points. This is 
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because the Gauss points are the sampling points for all the integration steps. It 
is also well known that interpolation functions behave badly near the extremities 
of the interpolation region. Therefore the stresses were computed at the Gauss 
points (i = 1/ ,.".,9 / of Fig. 3.6) and were extrapolated to the corner nodes (J = 
1,3, 7) using the Lagrangian functions N11 ... ,Ng in (3.27) 
N 3 
N 4 
t st{l-s) (l-t) 
! s(l s) (1 t2) 
tst(l s)(l+t) 
! t(l-t) (1-s2) 
(1 S2) (1 t 2) 
N6 tt(l+t)(l s2) 
N7 tst(l+s)(l-t) 
Ns t s(1 + s) (1 - t 2) 
Ng t st(l + s) (1 + t) 
9/ 
(J. 
J 1 
N.(J. 
/ 1 1 
1""\ 
(, 
1 
t 
3 
31 6' 
I 
I 5 2 
I I 1 ~ 
f"'\ 
Fig. 3.6 
5 
9' 
i 
I 
t 
) 
3 
(3.26) 
(3.27) 
s 
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The above technique resulted in several values of stresses at each node, one from 
each element. The values from all the elements sharing a node were averaged. 
3.3.2 Interpolation 
As explained earlier in Section 3.1.1, the graded meshes for the oil film 
calculations rotated with the shaft in such a way that the position of the finest 
mesh point region always coincided with the location of minimum film thickness. 
This allocates the maximum number of elements to the critical region between 
the peak pressure and the line of centres which obviously also result in a much 
more accurate stress analysis. But the stresses should be interpolated to some 
fixed points in space. 
In Fig. 3.7, xt', x2 ' are the angular positions of the rotating graded meshes 
J to which the stresses were extrapolated (Section 3.3.1). 
angular positions of the fixed equally spaced points K which the stresses should be 
interpolated to. 
X= X1' 01' 
X=X?' 0:;' 
X=X:{ 2 (h" 3 
• 
·i 
, 
1 3 
_n 2 3 4 5 6 "1 8 9 
"I 
Linear shape functions NIl, N2 I were chosen for this purpose. 
NI 
1 
Nt 2 
1 
- 1 
The stresses were then calculated from 
2 
3.3.3 Plotting Routines 
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(3.283.) 
(3.28b) 
(3.29) 
(3.30) 
Fig. 3.9 shows a typical plot of stresses for Blundell's Test No. 5 at a 
particular instant of time (when the peak pressure is maximum). Fig. 3.9a 
presents the centreline pressure, the radial stresses and the tangential stresses at 
the surface of bearing while Fig. 3.9b shows the surface displacement (dotted 
line). The middle circle indicates the bearing's surface before distortion. To 
show the amollnt of distortion simply, the solid-line circle was plotted with a 
radius equal to bearing clearance. As shown, the position of maximum distortion 
b=11 
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is in the region of 2700 which corresponds to the position of peak pIessure of Fig. 
3.9a. 3.10 shows the contour plots of the three main stresses aI" a 0' 71'0 
which were stored in rectangular arrays (a x b). It should be noted that (a) is 
the number of equally spaced points in circumferential direction (30 a part). (b) 
is the number of graded points in the radial direction (Fig. 3.8). (INT) is the 
interval between the contour lines in the white metal region, while (II), (L) and 
(ANGLE) represent highest, lowest values of stresses and their corresponding 
angular position in the white metal layer only. Positive and negative signs 
indicate tensile and compressive stresses respectively. Similar plotting routines 
were used to contour plot the maximum principal, maximum shear and ma.ximum 
distortion energy stresses. These are explained in Section 4.3. 
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CHAPTER FOUR 
SENSITIVITY TESTS AND SOME STRESS DISTRIBUTIONS 
In this chapter the sensitivity of journal bearing performance to some input 
load parameters such as operating temperature, diametral clearance, bearing's 
land length, load amplitude and mean load are explained. Some stress 
distributions are also discussed. 
4.1 INPUT PARAMETERS 
There are some important parameters such as operating temperature, 
dianletral clearance and bearing land length which have influence on the 
performance of the journal bearing. Since there always exists some type of error 
during the actual experiment or in its numerical reconstruction, it was decided to 
run some sensitivity tests on these important parameters. This will evaluate the 
range of any possible error associated with the recording of experimental data or 
in the assumptions made in its numerical reconstruction. In the following 
sections, the effect of some variation of the input parameters on the centreline 
pressure and eccentricity ratio are explained. Blundell's [7] Test NO.5 (named 
505 in here), for which had reported most of his results, was chosen for the 
following sensitivity tests. 
4:.1.1 Temperature 
Operating temperature is one of the important parameters affecting the 
design of a journal bearing. Since different points on the bearing's surface have 
different temperatures which vary as the shaft rotates, the oil viscosity varies 
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continuously. So it is very important to make an appropriate decision in 
choosing the operating temperature in the numerical simulation. Over the past 
years, people have made different decisions regarding this point. The majority of 
them have used the outlet oil temperature as the operating tempera.ture. A 
comparison of Figs. 4.1 and 4.2 indicates how much the eccentricity locus and 
pressure curves change due to a 220 e increase in operating temperature. 
Maximum peak pressure increases by 38%. Fig. 4.3 gives a plot of variation of 
peak pressure and eccentricity ra.tio with respect to temperature. To make the 
analysis simple, an isoviscous system was assumed and the outlet oil temperature 
which is measured directly was taken as the operating temperature. Blundell 
reported a variation of 47.1 0e to ,4°e in the outlet oil temperature of his 
experiments. Therefore an average value of 48.30 e was taken in numerical 
reconstruction of all his tests. Fig. 4.3 shows that there is a negligible change in 
pressure due to using this average temperature instead of the maximum of 
51Aoe. 
4.1.2 DiametraJ Clearance 
The other important factor which influences the performance of a journal 
bearing is the diametral clearance. A comparison of Figs. 4.1 and 404 shows that 
a higher diarnetral clearance (.0050") increases the maximum peak pressure by 
40%. Fig. 4.5 gives plots of peak pressure and journal position with respect to 
diametral clearance. Blundell had reported a variation of .0031 to .0036 (inch) in 
the measured diametral clearance. This gives an average value of .00335" which 
was used in reconstruction of his experiments. 
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4.1.3 Bearing Land Length 
Blundell used both ungrooved bearings (one land) and beal'ings with 
circumferential oil grooves ill the middle (two lands) j in his experiments. His one 
land bearings were 1.16" in length while the grooved ones had two 0.5" length 
la.nds. Fig. 4.7 shows the eccentricity locus and the pressure curves for a 0.7" 
length one land bearing. This may be compared with Fig. 1 which is for a 
1.16" length bearing. Fig. 4.8 shows how the increase in land length decreases 
the maximum eccentricity ratio and peak pressure in both type of bearings. It 
also shows that for the same input loads the grooved bearing generates a much 
higher pressure than the ungrooved bearing. This was because of the input force 
which in the two land case ha.d to be balanced by two narrower but peakier 
parabolas (Fig. 3.9). 
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4.1.4 Surface Distortion 
As it was mentioned in Chapter Two, the Lloyd program [6] assunles the 
bearing surface to remain circular. However, Allen [22] showed that the surface 
distortion has some effect on the centreline pressure distribution. Fig. 4.9 shows 
how this reduces the peak pressure in a connecting rod bearing by making the 
pressure curve less steep. The connecting rod had a thickness-radius ratio of 
0.33 which was lower than the Blundell's case which had a thicker housing, giving 
him a 0.9 thickness-radius ratio. 
4.2 LOAD LOCUS 
Blundell selected a wide variety of input load patterns in his experiments 
(Chapter Five). They had different amplitude and mean loads in both directions 
of application of pistons A and B. There was also an angular phase difference 
between the operation of the two pistons in some of the tests which caused their 
input load diagrams to turn slightly (clockwise or anticlockwise). 
Since Blundell had reported a maximum uncontrollable fluctuation of ± 
600 LbF on his input load diagrams, and there were also some differences between 
the actual load diagram and those simulated theoretically (Fig. 3.3), it was 
decided to check the sensitivity of oil pressure to some variation of mean load, 
load amplitude and the phase angle. Again Test No.5 of Blundell (named 505 in 
here) was chosen for the following sensitivity tests. 
51 
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4.2.1 Load amplitude 
Fig. lOa shows a typical input load diagram with different load 
amplitude (a and b) in the A and B directions. An increase in the load 
amplitude of piston B changes the load locus especially in the 900 and 2700 
regions. Since the maximum peak pressure is the 2700 region, it will increase 
considerably, while the pressure in OOand 1800 will not be affected. 
Ba B a 
... 
I) 
90 
b 
@ til f) A 180 0 A 180 
b 
mB 
• I 
• \ , 6 I • , \ 
" 6 \210 I \ fJO I 
..... I \. , 
..... 
( a) ( b) 
Fig.4.10 
The same thing will happen to the A £Lxis if the load amplitude in that axis (a) 
changes. On Fig. 4.13a, the effect of variation of load amplitude (b) on the 
maximum peak pressure has been plotted. A comparison of Figs. 4.1 and 4.11 
shows how the pressure curves and eccentricity locus changes with a 2500 LbF 
increase ill load amplitude. Fig. 4.13a indicates a 3.2% increase of peak pressure 
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due to the 600 LbF t1uctuation of input load reported by Blundell, which is 
negligible. 
4.2.2 Mean Load 
Fig. 4.10b shows how a mean load increase in B direction shifts the load 
locus which obviously increases the maximum peak pressure. On Fig. 4.13b the 
effect of variation of mean load on ma)cimum peak pressure has been plotted. A 
comparison of Figs. 1 and 4. shows how the eccentricity locus and pressure 
curves changes with a 3500 LbF increase in mean load. Fig. 4.13b indicates a 4% 
increase in peak pressure due to the 600 LbF t1uctuation of input load reported by 
Bhmclell} which is negligible. However, a test showed that a 600 LbF shift of 
mean load in A direction (Le. -500 LbF to 100 LbF) shifts the angular position of 
peak pressure by 40 (i.e. 274.2 to 278.1), whereas the maximum peak pressure 
remains constant (Fig. 4.14). This indicates how sensitive the position of peak 
pressure is to slight fluctuation of load in the A direction. 
4.2.3 Phase Angle ¢ 
If there is no time lag between the operation of the two pistons A and B 
(i.e. ¢ 0 in (3.1),(3.2))' then the load locus would appear symmetric about the 
B axis (Fig. 4.15b). Inserting a positive or negative value for ¢ in (3.1), (3.2) 
causes the load locus to turn clockwise (Fig. 4.15a) or alltic10ckwise (Fig. 4.15c), 
which also rotates the position of ma..ximum peak pressure. 
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B B B 
A A 
(u) ( bl (C ) 
Fio.4.15 
-' 
The amount of rotation of load locus also depends on the load amplitude ratios 
(b/a). Fig. 4.16a has a lower amplitude ratio than Fig. 4.16b, therefore a 900 
phase angle causes only 200 rotation of load locus compared to 450 for Fig. 4.16b. 
Test 505 had a low amplitude ratio of .075, therefore a 200 phase angle has a 
negligible effect on it while Test 504 (Chapter Five) has a amplitude ratio and 
a 200 phase angle rotates its peak pressure position by 4.50 (i.e. 278.30 to 282.80 ) 
B 
b b 
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" 20 
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b b 
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( b) 
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.. 
¢:90 
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Q 
A 
a 
4.2.4 Mean-Amplitude Ratio 
In a journal bearing which is 
under a sinusoidal type of loading, 
Fig. 4.17, it is possible to have 
four gronps of load diagrams by 
changing the mean and amplitude loa( 
set ting. All four load loci 
shown in Fig. 4.18 have the same 
amplitude but different magnitude 
of mean loads. Fig. 4.18 shows 
60 
Amp 
Mean 
Fig.Lv.17 
that by increasing the mean load, the load locus gradually moves to one side of A 
axis which obviously shifts the eccentricity locus to one side of bearing centre. 
Fig. 4.19 shows that as the mean load increases, all the oil pressure curves shift to 
one side of the bearing. If the mean load becomes very large compared to the 
load amplitude, the load diagram and eccentricity locus would appear as a point 
and all the pressure curves will coincide on a single curve. 
4.2.5 Direction of Load Locus 
Changing the direction of input load diagrams also affects the performance 
of journal bearing. Blundell tested his bearings with both a co-rotational load 
(Le. direction of load rotation was the same as that of the shaft rotation) and an 
anti-rotational load (i.e. direction of load rotation was opposite to that of shaft 
rotation). A comparison of Figs. 4.1 and 4.20 shows how this change of direction 
reduces the peak pressure and the eccentricity ratio. Later on, in Chapter Five, 
,
 ,
 
-
0 0 In
 
/
/
 
"
 
"
-
:>: 
.. 
C
> 
0 a N " 
'L: 
.
.
.
 
'L
l 
X L'.i 
Z r' 
a
: 
., 
/ 
h' 
tu
 
() 
'Z
 
'" I 
c:i 
.
.0
 
... 
1-····-t-
-
0 -J 
-
, 
"'" 
I· 
·1-··--1
-
-
z 
0 H t-
1
---
'"
 
t·· 
0 0:: 
-
-
.
-
0 u 
-
_
.
 
.
_
.
-
.
-
t---
t-Ul 
W
 
.
-
-
-
~
 
.
_
-
~
-
-
-r---
l-n. 
:r: 
r
-
-
-
-
t
-
.
.
.
 
"
 
Z ..,. 
'" :.: 
'<J 
~ 
? 
? 
? 
,
 ~ 
1I 
.
 
~ 
:~ 
~ 
~ 
~ 
~ 
~ 
.
.
.
.
 
.
 
.
 
.
 
.
 
0 (j 
'
.
'
 
"
' 
"
 
I
,
 
2 ., 
a " 
z <t 
,oJ " '" :...: . , u: " '" ITO Cl :<': .. ..... c:i ... 0 
0 
-J 
-J 
.. 
Z Cl 
.
.
.
.
 
.
 1
-
.
.
.
.
 
.
.
.
.
.
 
C
J 
0:: 
0 U 
.
 
"
, 
." 
l-
1
---
-
-
-
t-
-
-
-
t-
-
-
r
-
-
t-
-
-
+
-
-
-
t-
-i 
L
L
 
:>
: 
., 
"
 
z 
.
.
.
 
lu
 
:lI: 
_
~
_
4
_
 
~
 
.
.
 L 
.
.
•
 I-
i' 
1
-
.
.
 
.
"
-
-
.
-
-
.
.
 -
.
_
-
.
~
 
-
1-· 
-
.
 1
-
t--.-
.
.
.
 
.
.
.
 
·
·r-
.
_
-
1-· 
t-
-
-
1--_.-1--
.
 
-
.
.
.
 1 -
.
-
1
-
· 
1
-
'-
-
-
' 
<p-
.
 
1
---
-
1-
.
 
-
-
-
.
.
 ~
-
-
-
I
-
-
-
.
 r
-
-
t-._
-
.
.
.
 
.
.
.
.•
. 
"
~
'
 
-
-
-
-
r--
-
-
~
.
 
-
.
-
.
-
-r---· 
.
-
~ 
~ 
? 
~ 
~ 
~ 
~ 
? 
H! 
~ 
~ 
~ 
III 
~ 
Q 
Q 
<> 
.
 
.
 
.
 
·
0
 
' 
-
.
-
-
-
-
.
.
 
_
 
.
.
.
 -
·t-
-
-
t-
-j 
r·· 
.
.
.
.
 
_
-
i---
-
-
-
1
---
.
.
 -
~ 
~ 
~ 
~ 
<> ~ 
,
 
,
 
\I 
~ 
!!1 
! 
~ 
!i 
~ 
~ 
., 
.; 
0 
"
 
.
 
"
 
,
 
,
 
a a 0 "' ,. " ;> • ., 0 0 0 Co " Z "'" to' ::r: L') Z 
.
.
.
., 
IT
 
«
 
.
.
.
.
 ,
 
m
 
C
l 
2
: 
'"
 
.) 
c:i 
'"
 
0 -J 
-J 
~ 0 
.
.
.
.
., 
,-« 
t
· 
0 0:: 
0 u 
1--
u
t 
W
 
I-"-:>: 
.«
 
z
· 
.[
 
"
' 
:>: 
o
 o o 
U
l 
,
 
n
. 
::.: 
"" 
c
. 
o
 Q 
.n
 
"
 
z .. 
'"
 
:>: _
 .
 
.
 ( 
k o 
"
 
1
-.1 
r
-u 
a: 
o
 
u
 
61 
'D
 
0
0
 
O.SiE--¢.4 
MEAN/ AMP TEST • CO ROTATIONAL LOAD. j LAND SEARING • ~EAN·O. • t.MP t 5000. 
( 0. ) 
Q.llI!'.cs 
MEAN/AM::> TEST • CO ROT,n:of'.:~~ LC~:::l. j u.~;:, S:L::;!NG • t-!E~N·500C .• AM?x5000. 
( c ) 
Fig.4.19 
0.:1£-05 
Q.lt!E..oI! 
MEAN/ AMP TEST • CO ROT A TIONAL LOAD. j LAND BEARING • MEAN-2000. • AMPr 5000. 
( b ) 
. ./ 
MEAN/AMP TEST • CO ROTATIONAL LOAD. i Lt.ND 9EA'lING • MEAN=10000 .• AH?=~OOO. 
( d ) 
0) 
N 
63 
- .1iI:lft04 
- .11'11Eti16 
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TEST NO 505 1 LAND BEARING ( ANTI ROTATIONAL) 
Fig,4,20 
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it will be shown how this also affected the time history of stresses in a way that 
persuaded us to study it in more detail. 
SOME STRESS DISTRlBUTIONS 
To verify the validity of the FEM, interpolation and plotting programs, it 
was decided to test them against the stress distributions reported by the Ibrahim 
and McCallion [4] of a bimetallic strip (white metal bonded to steel backing) 
which was supported on a completely rigid surface (Fig. 4.21). 
10 PSI 
/I 
white metal 1 
steel " 3 
Fig. 4·21 
The white metal surface was subjected to a fluid pressure of peak 10 LbF jin2 
which varied parabolically with x. The material properties of the two metals are 
listed in Table 4.1. Fig. 4.22 shows the contour plot of the stresses. It should be 
65 
noted that the bearing length was divided into 360 divisions. Therefore, 0, 180, 
24, 336 positions shown on the plot are with respect to those divisions. 
Young modulus (PSI) Poisson ratio 
white metal 0.4 
steel 0.3 
Table 4.1 
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-o'S -25 
--L 
Ie. 
I ~ ,; oJ 
-'IS -91~--1 
I ~ 
J 
'Fig423 
, . 
(after Ibrahim and McCallion [4]) 
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The computed results were in close agreement with those reported by McCallion 
and Ibrahim (Fig. 4.23). It showed that the direct stresses O'xx ' O'yy were very 
uniform in the white metal layer. At the interface, the O'xx were discontinuous. 
This was due to the fact that although both metals underwent the same strain, 
but their material properties were different. The white metal layer was 
restrained by the steel backing while it was under compression due to the load. 
The shear stress T has its maximum value on the interface closer to the free 
xy 
edge. Later on in this section it will be explained how the maximum shear and 
maximum distortion energy stress (von mises) for the above geometry will reach 
their maximum value under the peak pressure (Fig. 4.42). 
As a first step toward fatigue stress analysis, it was decided to investigate 
each one of the six stresses listed in Table 4.2 as a possible fatigue stress. To do 
this, the magnitude and angular position of the above stresses at different depth 
in the white metal layer were needed. This involved going through a lot of data 
generated for different instants of time. The plotting routines written for this 
purpose and explained in Section 3.3.3, helped to reduce the time and effort of 
tIns task. It could plot anyone of the six stresses, at any instant of time with 
respect to bearing angle as a curve (Fig. 4.24) or contour plot (Fig. 4.25). It 
could also plot the complete history of stresses for a full dynamic load cycle 
(Chapter Five). 
No. 
1 
2 
3 
4 
5 
6 
Stress 
Radial 
Tangential 
Shear 
Maximum Principal 
Maximum Shear 
Maximum Distortion Energy 
Table 4.2 
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To compute the stresses, a FEM mesh as shown in Fig. 3.6, which had two 
elements in white metal, one element in steel backing and two elements in the 
housing sections, was used. All the nodes on the outer surface of the housing 
were constrained radially. However, because the housing was very thick, the 
outside boundary conditions did not have any effect on the surface stress. This 
may be seen in a comparison of Fig. 4.25 (constrained radially) and Fig. 4.26 
which was constrained both radially and tangentially. From the FEM program, 
the three stresses in the rO plane, namely aI" a 0' 71'0 were obtained (Figs. 4.24 
and 4.25). There was no shear force at the surface. The radial stress had the 
same magnitude as the applied pressure but in compression. This meant the 
FEM program had satisfied the surface boundary conditions. The tangential 
stress was negative under the peak pressure while it was positive near the two 
edges of the curve with its maximum value closer to the higher slope side. The 
positive tangential stress was found to be related to the thick housing section. 
This may be seen when Figs. 4.24 and 4.25 and Fig. 4.27 are compared. Fig. 4.27 
shows the contour plot of a
r
, a 0' 7
rO stresses in a system consisting of white 
metal and steel backing supported in a rigid housing; that is, the outer surface of 
steel backing was constrained radially. Fig. 4.27 shows no positive tangential 
surface stress. The compressive tangential stress under the peak load and the 
surface displacement were considerably lower. This shows the importance of the 
bending effect due to the outer shell (the housing), which could be even greater 
with a connecting rod housing. 
The two principal stresses in the 1'0 plane all (J2 and the third principal 
stress perpendicular to them a3 were calculated according to (4.1 a,b,c). 
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(Jr + (J () (Jr - (J ())2 1. 
(4.1a) (JI = + + 7\()J 2 
(Jr + (J() (J. - (J ()) 2 1. 
(J2 = I + 7\~ 2 (4.1b) 
(4.1c) 
The positive sign was taken as tension while the negative was compression. 
Since there was no shear force on the surface of white metal, the tangential and 
radial stresses were the two principal stresses (maximum and minimum) in this 
plane. Equation (4.1c) indicates that (J3 was dependent on Poisson ratio (jJ = .4) 
and the other two principal stresses (JI' (J2' Since the radial stress is very small 
or zero in the positive tangential stress region, Equation (4.1c) gives a value of 
about .4 times the tangential stress for the axial stress v3' But in the peak 
pressure region, the radial stress has its peak magnitude. This indicates that v3 
has an equivalent or slightly higher value than the tangential stress. These are 
shown very clearly in the Mohr circle diagrams of Fig. 4.28. 
Equations (4.2 a,b,c) may now be used to calculate the three maximum 
shear stresses in the 1'0, rz and Oz planes. 
V1 v2 (4.2a) T1'O max 
v2 v3 (4.2b) 7rz max 2 
VI V3 ( 4.2c) TOZ max 
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positive tangential stress 
,Peak pressure region 
(b) 
• 4.28 
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As it is shown in Fig. 4.28a, aI' a2 which lay in the r 0 plane make the largest 
Mohr circle which obviously indicates that the highest maximum shear streess of 
that region is in the rO plane. Fig. 4.28b shows that a2' a3 stresses which lay in 
the rz plane make a circle which is slightly larger than the one made by a2' a1 0f 
r 0 plane, so the maximum shear stress in the rz plane is the highest of the three in 
that region. 
Since the white metal layer was very thin compared to the steel backing 
and the housing, the variation of the a
r 
and a () in the radial direction throughout 
this thin layer was negligible. There was no shear stress on the surface but its 
magnitude increased to a maximum of about 10% of peak pressure at the interface 
between the two metals. Therefore, according to (4.1 a,b), the two principal 
stresses 0'1' 0'2 will not vary much in the radial direction, that is, they remain 
almost constant (similar to the 0' (J and a
r
). The maximum distortion energy 
stress (von mises) was also calculated for the white metal, steel backing, and the 
housing sections. Equation (4.3) was used for this purpose 
(4.3) 
Results of numerical reconstruction of Blundell's and of Gyde's work are 
explained in the next chapter. Figs. 4.24, 4.25 and 4.29-4.42 show the surface 
stresses, surface displacement and contour plots of the six mentioned stresses for 
Blundell's experiments 1-7. They were tested on the one land bearings with the 
direction of load rotation opposite to that of the shaft rotation. Maximum shear 
and maximum distortion energy stresses had similar contour plots. They were 
uniform in the white metal layer with their maximum values under the peak 
pressure. As shown in the Tables 5.5 and 5.6 of Chapter Five, the angular 
position of failures for different tests (Le. 2880 for Test No.5 of Blundell, which 
77 
was named 505 in here, and approximately 2900 for Gydels Tests) were away 
from the position of maximum peak pressure (Le. 274.2 for Test 505 and 277.50 
for Test 730) and were closer to the angular position of maximum tangential 
stress. Therefore the maximum tangential stress (J 0 was chosen for further 
consideration (Chapters Five and Six). 
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CHAPTER FIVE 
SIMULATION OF EXPERIMENTAL WORK AND STRESS ANALYSIS 
In this chapter, the results of the numerical analysis performed with the 
help of the bearing performance and the finite element programs (Chapter Three) 
in simulating the experimental work of Blundell [7] and Gyde [2] are explained. 
Blundell's work gave useful information such as the angular position of failure and 
the time tal(en to failure, for each bearing. Failure position was used to infer the 
type of stress causing the failure, while the time to failure was used in plotting 
the S-N diagram (stress versus number of cycles to failure). Blundell used a 
bearing testing machine which was designed to apply varying load on two 
orthogonal a.xes. Gyde's machine was simpler and could only apply a varying 
load on one a.xis. These machines are very advantageous for testing the bearings 
since they could exclude undesirable parameters such as oil contamination, 
combustion products, engine heat and etc. They are also cheaper and easier to 
operate than engines. 
5.1 BLUNDELL'S EXPERIMENTS, INPUT DATA 
5.1.1 Blundell's Experiments 
Blundell's testing machine was designed by H.D. Rees [23J at Nottingham 
University. The machine consisted of a 2.4567" steel shaft (shown in Fig. 5.1), 
supported on two bearings in a rigid housing and frame. The test bearing, which 
had the same dimension as the supporting bearings, was also held in a very rigid 
housing (9.0" O.D as shown in Fig. 4.2), positioned mid-way between them. 
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The reason behind choosing this comparatively large diameter housing was to 
prevent its bending, which was thought to be an important factor in causing 
failure. The input loads on the test rig were applied through four (900 apart) 
pistons moving inside four hydraulic actuators. These pistons were exerting 
forces on the spherical loading pads which were in contact with the housing's 
outer surface as shown in Fig. 5.2. The housing was allowed linear rigid body 
movments only, that it was not allowed to rotate. The applied load from each 
hydraulic actuator was measured by a pressure transducer mounted on it. The 
load control system operated two servo valves, each controlling the input load of 
an axis. A positive current to each valve caused the pressure to increase in the 
positive and decrease in the negative actuator of that axis. Sinusoidal variations 
of load could be programmed for each axis. Fig. 5.3 shows the above load 
variation on each of the axes and the effect of addition of mean load on them. 
Therefore, by changing the load amplitude on the two axes, it was possible to 
generate straight line, elliptical and circular load diagrams shown in Fig. 5.4 
The resultant load diagram was used in the present work as input to the bearing 
performance program (Chapter Three) to generate the centreline oil pressure at 
different time steps. 
c:yt..IMOI!PI Me"'l) 
2. CY\.INQ:EA L IP"ileR 
). ;;;')G ~A'N &00"1 
~ IENO I"L.ATII! 
'3>. ?AC.!:l'l 
II. ~ ~I~ HOVSI_ 
7. IIAu.. seA.,NG 
Fi9.S.1 
E 
III 54-1 A" l' 
110 I'll! TAIN!!:'" &. ...... 5>-E"I 
n. 01'11/'4 S<!AI. 
12. TI:ST !!EA""NO HOU!5;ING 
O. STATIC DOG 
..... Sf!ARING 1"'1"1::'" ~t~G 
I', 5UI"I"QIIltT IB£A"'tNG 
-- .. _.~ ... , .--
"-'. 
I' 
(after Blundell [7]) 
BEARING FATIGUE RI G 
'7. I!I4LL IIE",,,,Ne 
HI> STUll S ......... T 
1~ SJi':ACE'" 
:10 $I"AC!!!!I 
21 STUB S .. A'" l' HOUSING 
71 ANT] .. RO fA rio,., "!NG 
:D OlOMA .... COUl"lING 
as. TI!:ST I!I!! ..... ,N<) IIU-O"''' AI_ 
Hi. OIL 5U"'I"'\.V HOOJ5'NG 
~", N.C CLAM'" 
"'16 ",. .... e:Re: CLAM,. 
:It ,."' .. ERICAL LOAI)'NG ,"",I) 
10 ""$TO" 
31 0 I'IIIN CI> S!!!"'L 
A ctl"."" 
VAI. ... I! ....av .. 1"1_ llIO!!IIIII 
I :I l!:'n-.tI!.. lid 011; I 
Scale 
"0" 
~v."'" 
HYORAULIC SU,..PLV 
FROM SERVO VALVE 
Fig 52 
(a.fter Blundell [7]) 
CVlINDER 
I.I=AKAGE 
CTION THROUGH HYDRAULIC ACTUATOR 
95 
~ic:+iIV'Il 1 Di"'~"'4 
I . 
-+-
" I
bearing loa::f on axis 1-3 
U N am iii :2-4 
BASIC 
SIGNAL. 
SIGNAL AXIS A. I"""'! '.' '. •. 1 i \ l ' .. ,,I 
51 GNAL AXIS B j'"'----'--r-.--:I----"I..-f---.--+---l..,.,i..>..-I---l..I-+---\--J-I 
RESlLTANT I L~~ ~ 
LOAD LOCUS T --p' 
Fig.5.3 Effect of bias and amplitude controls 00 load 100lS 
(after Blundell [7]) 
97 
B B B 
14---.!i!oo A ' A ' 
(a) (b) ( c) 
.Fi g.5.4 
A:xrsA+ve 
piston 1---1 
2 
" d i~~ctian of 
,<urngl rotation 
+ve 
- Relative Be " aI mg Geometry 
(after Blundell 
f I 
98 
99 
Blundell repeated his tests for each load pattern a number of times and for 
each set of these tests he left the machine to operate for an initial six hours period 
during which six data recordings of the input load were made. At the end of this 
time the machine was turned off and the test bearing was inspected, using an 
intrascope, for visible cracks. If none were found, further inspections were made 
every three hours until the first crack was detected. The total running time was 
recorded as the time to failure for that initial test. In any subsequent test of the 
set with the same applied load pattern, the first inspection was made at the 
longest recorded inspection time before failure of the initial test, and the following 
inspections were made everyone hour until the first crack was visible. In these 
tests, the bearing halves were positioned as shown in Fig. 5.5 so that the angle of 
failure would fall in the middle of a bearing half, that is, away from a split line. 
Blundell basically selected seven load patterns, their approximate shapes 
being given in Figs. 5.6-5.12. A mean load in the direction of piston No.4 (-B 
axis) encouraged the failure to fall in that region. A similar set of seven 
experiments using approximately the same input loads but with the shaft rotating 
in a direction opposite to that of the load (antirotational) were also tested. 
Their results are shown in Figs. 5.13-5.19. The above tests were performed on 
plain bearings (1 land type). In a similar series of experiments, bearings with a 
circumferential oil groove in the middle (2 land type) were also tested. Plots of 
results from their numerical reconstruction are shown in Figs. 5.20-5.33. They 
include the input load and eccentricity ratio locus and pressure curves obtained 
from the bearing performance program and the tangential stress curves on the 
surface and its variation at the maximum point with respect to time. Variation 
of surface pressure at this point was also plotted on the same frame but to a 
100 
different scale (same as that on pressure curves plot). Blundell's experiment 
resulted in a total of 28 different test cases. Each case was tested up to three 
times in which a maximum fluctuation of ±600 LbF in the average peak load of 
15900 LbF was permitted. Results of the tests with larger load fluctuations were 
ignored. Fig. 3.3 shows that the experimental load diagrams were not as smooth 
as those constructed from sinusoidal functions. This was due to hysteresis in the 
testing system. 
5.1.2 Input Da.ta. 
For the numerical reconstruction of Blundell's experiments, the required 
input data were divided into three groups: 
a 
b 
c 
The input load data needed to generate the A and B coordinates of 
forces exerting on the bearing at every 50 rotation of shaft. 
The data required to run the bearing performance program. 
The data required by the FEM program to calculate the stresses. 
The first group of data included the mean and amplitude of the load with respect 
to the axes. These were measured from the input load diagram as was explained 
in Section 3.1. Different values for the phase angle ¢ in Equations (3.1), (3.2) 
were tried, to fit the load diagram as close as possible to the experimental one. 
Table 5.1 lists the load amplitude, mean load and phase angles used in 
reconstructing the 28 cases. 
The second group of data was based on data recorded by Blundell. It 
included: 
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Shaft diameter = 2A567". 
Bearing inside diameter varied between 2.4598" to 2.4603" on a 
nominal inside diameter of 2A6". Since these were not given for 
each individual test, an average value of 2.46" was adopted. 
Diametral clearance = .0033". This was calculated as the 
difference between the average value of the bearing1s inside diameter 
and the shaft diameter. 
/1 , 
The bearing 1s land length was 1.16 11 for the one land bearhlg and 
0.5 11 for the two land bearing (bearings with a circumferential oil 
groove in the middle). 
Viscosity 20 centipose. This was based on an average outlet oil 
temperature of 48.60 C and the atmospheric pressure. 
Finite difference meshes were 112 nodes at graded spacing in the 
circumferential direction given in Section 3.1 and 16 nodes at 
uniform spacing in the a..xial direction. 
Shaft speed = 1050 RPM. 
Load frequency = 1050 cycles/min. 
The third group of data comprised the information required by the FEM 
program to calculate the stresses. It included: 
Centreline pressures at different instants of time which were 
computed by the bearing performance program. 
White metal thickness = .02". 
Steel backing thickness .0623" . 
Housing thickness = 3.4375 11 • 
Material properties of the white metal and steel backing are listed 
in Table 5.2. The white metal layer had the following composition: 
1500 8900 0 
502 2200 11560 940 -3750 15 
503 1875 11250 -450 -3590 75 
504 3000 10310 0 -4060 
505 1000 13280 -500 -2200 O. 
506 5500 12500 0 
507 7200 12200 800 -2200 
508 850 8900 -300 
509 2150 11560 940 -3750 20 
2340 11720 -3900 70 
-500 -2030 O. 
9375 +1000 -940 
513 5500 11090 O. -2340 O. 
514 7200 12200 800 -2200 
515 320 8750 620 -300 
516 2200 11560 940 -3750 
517 1875 11250 -450 
518 3000 10310 0 -3120 
5 1300 13440 0 -2970 O. 
520 5500 12500 0 -2343 O. 
521 7500 11700 780 -2790 
522 500 9060 1170 -400 O. 
523 2200 11560 940 -3750 15. 
524 470 9218 230 -300 75. 
525 2300 10310 0 -2960 10. 
526 1300 13750 -500 -2400 O. 
527 5500 11090 0 -2340 
528 7200 12200 450 -2300 
I--' 
0 
N 
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89.33% tin, 7.2% antimony, 3% copper, 0.29% lead, 0.08% iron, 
0.1 % nickel. 
Metal 
·White Metal 
Steel backing 
Modulus of Elasticity 
LbF/in2 
7.59xl06 
30 X 106 
Table 5.2 
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5.2 GYDE'S EXPERIMENTS, INPUT DATA 
5.2.1 Gyde's Experiments 
Gyde [2] used a different type of equipment for testing his bearings. The 
machine which he used was designed by himself and its working principle, shown 
in Fig. 5.34, was simpler than the one used by Blundell, but it was restricted to 
exerting the dynamic load on one axis only. The machine consisted of two 
2.7527" diameter steel shafts (3), (4) each supported on two bearings (6) held in 
rigid housings. The two test bearings (1) which were also held in rigid housings 
and connected by the rod (2) were located half-way between the supporting 
bearings. The two adjustable and unbalanced masses (5) rotated with the shaft, 
creating different magnitude of centrifugal forces. The horizontal components of 
these forces were taken up by the prestressed steel strips (7) and their vertical 
components transmit a sinusoidal load on the test bearings. The constant spring 
force (F) is transmitted to the test bearings, applying a mean load on them. 
Figs. 4.18, 4.19 show how the above static and dynamk loads may be combined 
to produce four different load patterns. The bearings had a circumferential oil 
groove in their "top" half. The "bottom" half, which carried most of the load, 
was plain. Gyde selected different combinations of mean and alternating loads in 
testing his bearings. Each test was performed for 107 cycles, after which the 
bearing was inspected for possible failure. He then made the plot, Fig. 5.36, of 
failed and unfailed bearings (marked with crosses and circles respectively) with 
respect to the applied mean, l1la.ximul1l and minimum loads divided by the 
projected area of the bearing as shown in Fig. 5.35. Gyde's experiment was 
aimed at determining a boundary on that plot between failed and good bearings. 
2 
4 
Sketch showing working princi e of the 
Bearing Test Machine (after Gyde [2]) 
Legend: F Static load, C Dynamic ad amplitude. 
1) Test bearing, 2) Con rOd, )) Upper shaft, 
4) , Lower shaft 9 5) Unbalanced mass creating cen-
fugal force C. The vertical compo of C puts 
load on the te bearinR. 6) Supporti bearing, 
7) Prestressed eel strip perpendi to the, 
con rod. The p takes UP the ho ontal com~o~ 
of C). 8) ectric motor (5 to 8 BHP). 
Fig,5,34 
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F 
F 
C = load amplitude/projected area 
F = mean load/projected area 
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Allowable dynamic component 
and max. bearing load as a function of 
the mean bearine load. (after Gyde [2]) 
Ib/in 2 5880 
2 kg/cm Ij a 
P' / C = 3 
3 
/ 
~1110 
·3 a 
1 
29 
2 
o 
Fi 9. 5.36 
135 
2940 200 
llj 0 100 
x x 
Ij 111 0 JOO 
880 1100 
lb/ in' :';g/ cfu 
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5.2.2 Input Data 
For the numerical reconstruction of Gydels experiment, different points on 
his plot (Fig. 5.36) were numbered according to Fig. 5.37. The first group of 
input data comprised those required to generate the input load diagrams. They 
were obtained by measuring the load amplitude and mean load from Fig. 5.37, 
and are listed in Table 5.3. 
was: 
The second group of data, required by the bearing performance program, 
Shaft diameter = 2.7527". 
Bearing inside diameter 2.756 11 • 
Diametral clearance .0033 11 • 
Bearings land length = 1.26 11 • 
Operating temperature 900-1100C. 
Operating viscosity 10 centipose. 
Shaft speed 1800 RPM. 
Finite difference meshes, given in Section 3.1, were 112 nodes at 
graded spacings in the circumferential direction and 16 nodes at 
uniform spacings in the a.xial direction. 
The third group of data comprised the information required by the FEM 
program. It included: 
Centreline pressure data which were computed by bearing 
performance program. 
vVhite metal thicknes = .0111. 
Steel backing thickness 0.118" . 
Allowable dynamic component 
and max. beaping load as a function of 
the mean beaping load. 
Ib/in 2 5880 
kgl cm2 Ij 0 
~ljlO 
·3 0 
29 
2 
o 
F/C 3 
,/ 
1 
3 
29 1JO 200 
--1--__ ..::::...::. __ ,. 
l~ a 100 
x 
15 
13 )( 
11 1110 JOO 
'1880 _~oo 
Ib/ in' ? i.:g/ctn 
F i 9. 7 - (Test Nos. 701-7,18) 
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Test No. 
701 1985 0 726 4253 -4253 
702 2481 0 727 2764 -5104 
703 2835 0 728 4395 
704 4324 0 729 6592 
705 5104 0 730 10209 
706 6167 0 731 5316 -6096 
7514 0 732 3544 -6521 
708 7868 0 733 6167 -6238 
709 10917 0 734 6663 -6521 
710 11484 0 735 6593 -6734 
711 2134 
-425 736 1985 -6805 
712 3686 
-425 737 3828 -7230 
713 13398 738 2268 -7514 
4253 
-1 739 3403 -7514 
715 10490 
-1276 740 4395 -7655 
716 4111 
-1417 741 4395 -7655 
717 2835 
-1843 742 9215 
718 5104 
-2268 743 7088 
719 4678 
-2623 744 3331 -8790 
720 3119 745 4536 -13540 
721 4607 
-3260 746 4536 -13540 
722 6096 
-3260 747 6096 
723 4678 
-3686 748 6096 
724 8293 
-3544 
725 3260 
-4111 
5.3 
I-' 
w 
co 
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Housing thickness = 1.8". 
material properties of the white metal and steel backing are listed in 
Table 5.4. The white metal layer had the following composition: 
90% tin, 6.5% antimony, and 3.5% copper. 
Metal 
'White Metal 
Steel backing 
Modulus of Elasticity 
LbFjin2 
7.7 X 106 
30. X 106 
Table 5.4 
Poisson ratio (JL) 
.33 
.3 
The plots of results from some of the numerical reconstructions of Gyde's 
experiments are shown in Figs. 5.38-5.49. They include the input load and 
eccentricity ratio loci and pressure curves obtained from the bearing performance 
program, and the tangential stress curves on the surface and its variation at its 
maximum point with respect to time. Variation of surface pressure at this point 
was also plotted on the same frame but to a different scale (same as that on 
pressure curves plot). 
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5.3 STRESS ANALYSIS 
Angular positions of failures for the 28 tests of Blundell (numbered 
501-528 in here) are listed in Table 5.5. In the Gyde1s experiment, the angular 
position of failure for his tests (numbered 701-748 in here) were approximately 20 
degrees downstream from the position of maximum load (i.e. 2900 ). Upon 
comparing these with the position of maximum peak pressure in Tables 5.5 and 
5.6, it was noticed that the failure occurred at points away from the peak pressure 
and closer to the position of ma..ximum tangential stress. The angular positions 
of maximum shear stress and maximum distortion energy stress were the same as 
those of maximum peak pressure and away from the point of failure. These are 
shown in Figs. 5.50-5.55. Blundell believed the failure to be due to the shear 
stress at the interface of the white metal and steel backing. However this was 
not correct, because if the failure had been induced by shear stress, it would have 
a,ppeared at the maximum shear stress which occurred under the peak pressure 
and it did not. Also Hassan showed that the metallic bond at the interface was 
so strong that the cracks which originated at the surface did not stop at the 
interface: they continued to propagate into the steel backing. The tangential 
stress at the surface of the white metal which repeatedly cycled through tension 
and compression and which had its ma..ximum value closer to the position of 
failure was more likely to have induced the failure. 
In order to be able to plot the S-N diagram (stress versus the number of 
cycles to failure)) maximum tangential stress for different cases were calculated 
and listed in Tables 5.5 and 5.6. The time periods to failure for different cases 
are listed in Table 5.7. Fig. 5.56 shows the resulting diagram which 
indicates considerable scatter in the results. 
Upon studying the points on the diagram more closely, it was noticed that 
the difference in the time period to failure between the co and antirotational 
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loading cases had an important role in scattering the results. This becomes more 
evident when the extreme points on the S-N diagrams (Le. points 18 and 28) are 
taken into consideration. Thus, it was decided to investigate the eo and 
antirotational loading cases in more detail This required all these cases to be 
simulated again and their stress history at their maximum points to be saved on 
files. To get a more accurate record of stress variation at the point of 
investigation, it was necessary to simulate six of the Blundell cases (Figures 5.7, 
5.8, 5.21, 5.23, 5.24, 5.25) with finer time steps than others. As shown on the 
stress-time plots of Figs. 5.23 and 5.33, the time period between the maximum 
tension to maximum compression of Case 518 (points 23 to 24), was a lot shorter 
than the similar time period for Case 528 (points 8 to 5). This meant that if a 
crack existed on the surface, the closing time period from maximum tension to 
maximum compression would be shorter and the oil in the crack would have less 
time to escape. Consequently, this trapped oil would increase the stresses at the 
tip of the crack during the closing period. The reason for this difference in 
closing time period between the co and antirotationalloading cases becomes more 
evident when we consider the movements of the tangential stress distributions for 
these two cases in time (see Fig. 5.50 and Figs. 5.23 and 5.33)' 
In the corotational case, as the wave approaches the failure point, the 
tangential stress increases to mCluximull1 tension. As the wave passes over this 
point the stress suddenly changes to compression; while in the antirotational 
loading case, as the wave passes over the failure point the stress changes from 
compression to mCluximul11 tension. The above interesting difference in the stress 
histories at the point of failure convinced us to study them in a more detail way) 
which will be discussed in the next chapter. 
Tcst No. Max. Angular position if 
stress of 
pressure (PSI) max. prinLstress 
(Deg) (Deg) 1 3 
501 26000 2Ci8.8 1900 288 281.3 284.1 276.5 
502 49000 280.2 2750 294 279.8 286.2 
503 44000 269.5 2650 282 284.8 288. 
504 49000 282.8 2490 297 286.7 291.6 
505 47000 274.2 2700 291 288.6 288. 287.2 
506 48000 275.5 2330 297 292 295. 
507 49000 282.9 2490 264 306.5 295.8 302 
509 42000 277.2 2770 297 290.4 287.5 
510 44000 267.1 2800 282 295.8 290.7 
511 42000 273.1 2780 291 289.6 294.5 292.5 
512 24000 280.8 1810 300 295.4 296. 
513 33000 271.4 2400 297 298.4 300.2 296.6 
514 35000 289.3 2620 306 299.6 290.7 295.8 
.6 283 
516 89000 276.2 3610 291 289.4 286.3 282.2 
517 79000 266.2 3350 279 273.9 276 
518 80000 273.6 3160 282 276.7 277.6 
519 97000 275.4 3790 288 282.4 281.2 
520 92000 277.7 3120 291 282.5 286.4 
521 91000 283. 3270 267 287.4 289.9 
523 74000 272.5 3270 294 285.5 276. 
524 45000 273.4 2150 288 290.3 288.1 
525 64000 270.7 2960 291 284.4 291.8 
526 75000 275.3 3390 288 290. 284.9 
527 61000 279. 3180 294 294. 287.5 
528 66000 288. 3380 303 290. 293.5 
;r Each c.a.'}c was tcsted by Blundell up to three times. f-J 
V1 
Table 5.5 ..!:o. 
Angular position r position Failed X 
of stress of Unfailed 0 
Max.peak pressure (PSI) princ.stress 
(Deg) (Deg) 
701 2061 277.9 193 3 0 
702 2738 278.0 274 306 0 
277.9 328 3 0 
5938 277.0 570 306 0 
705 7340 278.6 709 300 0 
706 9416 278.1 848 297 0 
707 12410 277.1 1120 297 X 
708 13500 276.7 1170 297 X 
20400 277.6 1720 X 
22420 277.0 1870 X 
3078 277.8 300 0 
712 5522 277.8 529 0 
713 28510 277.7 2200 X 
714 8400 278.2 800 300 0 
715 23900 277.4 1910 294 X 
716 8587 279.0 817 297 X 
6819 279.0 641 0 
718 12600 278.2 1110 X 
1110 297 X 
10730 279.4 943 297 0 
721 14230 279.0 1240 294 0 
722 17700 278.7 1450 291 X 
723 16100 279.2 1380 294 0 
724 11800 276.7 1850 X 
725 13800 279.5 1170 0 
5.6 (Continued) 
J-> 
u: 
c."1 
Table 5.6. continued 
Test No. Max.~~----------~~~~~~ 
726 16760 279.0 
727 15700 279.4 
728 18600 279.1 
729 24600 278.0 
730 33000 277.5 
731 25200 278.6 
732 21230 279.0 
733 26300 277.8 
734 28900 277.8 
735 28570 277.5 
736 17570 278.9 
737 23940 277.4 
738 20500 278.3 
739 23650 277.5 
740 26000 278.6 
741 26000 278.6 
742 39100 276.6 
743 37500 277.2 
744 27000 278.7 
745 47300 276.9 
746 47300 276.9 
747 66200 276.9 
748 66200 276.9 
Max. 
Max. 
1430 294 
1300 291 
1570 294 
1890 291 
2480 291 
1920 291 
1620 291 
2030 291 
2150 291 
2160 291 
1430 291 
1830 291 
1600 291 
1810 291 
1980 291 
1980 291 
2700 291 
2610 288 
2030 288 
3050 288 
3050 288 
3970 288 
3970 288 
Table 5.6 
position 
of 
Failed 
Unfailed 
0 
0 
0 
X 
X 
0 
0 
X 
X 
X 
X 
0 
0 
0 
0 
0 
X 
0 
0 
0 
0 
X 
0 
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516 26. 
503 16.75 22. 517 
504 20. 518 6. 
505 14. 17.5 519 6. 5.8 
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507 28. 41. 39 521 30. 
508 31. 57. 72. 522 28. 33 
509 41. 36. 523 14. .5 
510 30. 39. 524 10 
27. 31. 40. 525 9. 
512 27. 25. 526 12. 
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5.4 PLOTTING THE RESULTS 
One of the usual ways of investigating failure is by plotting the stresses on 
the modified Goodman diagram, where the maximum and minimum values of the 
stresses for each case at its maximum point are plotted with respect to the mean 
stress at that point. The aim of the diagram is to find a boundary line, which 
would separate the failed bearings from the unfailed ones with respect to the 
stresses generated in that particular material. The above data for Blundell's and 
Gyde's experiments are listed in Tables 5.8 and 5.9. Since Blundell's 
experiments were aimed at plotting an S-N diagram, as stated earlier, and since 
all of his bearings failed, it was not possible to draw such a boundary line all the 
modified Goodman diagram shown in Fig. 5.58. The stresses had a negative 
mean value and varied between tension and high compression, hence plotted 
mainly in the third quadrant of the diagram. 
Gyde tested all of his bearings for 107 cycles, after which they were 
inspected for failure. The stresses, as shown in Fig. 5.59, mainly had positive 
mean values. The endurance limit Se on the plot seems to be near the point 6 
(i.e. Be 850 PSI). The boundary lines from ultimate stress of material (Su g:: 
10600 PSI) to endurance limi ts were drawn. Some of the points marked with a 
circle (0), which represent the unfailed bearing tests, were outside the safe 
boundary limit (i.e. points 21, 28, 37, 39, 40, 41 43, 45). This indicates that the 
modified Goodman diagram canllot be used as a criterion of failure in dynamically 
loaded journal bearings which requires a more complicated stress analysis. 
However, the diagram shows that the bearings were mainly under positive mean 
stresses and all the failed bearing cases (marked with cross (X)) were under 
repetitive tension to compression changes. 

No. Min.tangential X 
stress stress pressure 0 
tan. stress (PSI) ( (PSi) 
* 
at * at 
* 
at 
* 
193 315 ...,.66 63 0 
274 306 64 704 0 
703 328 312 -97 524 0 
704 570 306 -205 183 953 0 
709 300 -386 1580 0 
706 848 297 ...,.635 106 2190 0 
707 1120 297 ...,.673 222 2450 X 
1170 297 -708 233 2520 X 
1720 294 -1170 273 3900 X 
710 1870 294 -1210 329 3970 X 
300 312 -91 104 473 0 
306 -196 166 896 0 
713 2200 291 -2000 98 5910 X 
800 300 -391 205 0 
1910 -1200 357 X 
716 817 297 -592 1980 X 
717 641 303 -275 183 1120 0 
718 1110 297 ...,.662 223 2260 X 
1110 297 ...,.628 240 2240 X 
720 943 297 -723 110 2050 0 
1240 -997 123 0 
722 1450 291 -1690 -123 4580 X 
723 1380 294 -1080 151 3140 0 
724 1850 294 -1130 361 3870 X 
Table (Crmtinued) 
I-' 
0"\ 
00 
No. Max. tangential Angu!ar position Min.tangential n tangential Failed X 
stress (PSI) of stress stress pressure Unfailed 0 
Max. tan. stress (PSI) 
* 
at * at 
* 
1170 294 170 2 2690 0 
1430 294 -1360 0 
1300 291 -1490 3480 0 
728 1570 294 -1170 3090 0 
729 1890 291 -1790 50 4880 X 
730 2480 291 -2010 235 5880 X 
1920 291 -1970 
-25 4950 0 
732 1620 291 -1420 103 3810 0 
733 2030 291 -2300 5410 X 
734 2150 291 -2030 59 5250 X 
2160 291 -2340 
-92 5370 X 
736 1430 291 280 853 X 
1830 291 -918 2940 0 
738 1600 291 506 1050 313 0 
-208 802 1920 0 
1980 291 -1330 325 3730 0 
1980 291 -1330 325 3730 0 
742 2700 291 -2000 328 5870 X 
743 2610 288 -3810 
-599 8270 0 
744 2030 288 -2140 - 56 5370 0 
745 3050 288 1130 2090 302 0 
746 3050 288 1130 2090 302 0 
747 3970 288 -2530 722 7700 X 
748 3970 288 -2530 722 7700 0 t-' 
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CHAPTER SIX 
STRESS ANALYSIS OF A SURFACE CRACK 
As it was shown in Chapter Five, there existed an interesting difference in 
the behaviour of the stresses at the point of maximum tangential stress between 
the co- and anti-rotational loading cases which was thought to be related to the 
scattering of the results on the S-N diagrams. At this point the stresses were 
under repetitive tension-compression changes and the time period between the 
maximum tensile stress to minimum compressive stress of a co-rotational loading 
case (i.e. points 23 to 24 of stress-time plot of Fig. 5.23) was found to be 
considerably shorter than the similar time of an anti-rotational loading case (Le. 
Points 8 to 5 of Fig. 5.33). This meant that if a micro crack filled with oil 
existed at this point, then in a co-rotational loading case the oil has less time to 
escape than in an anti-rotational loading case. Consequently the squeeze action 
due to the crack closing increases the stresses at the tip of crack. This 
mechanism was thought to be partly responsible for the quicker failure of the 
co-rotational loading case (Le. Case No. 518 compared to Case No. 528). 
Crossland (24] investigated the effect of hydrostatic pressure on the 
torsional fatigue strength of cylindrical rods made of an alloy steel. reported 
longer lives for the specimens, which had their surfaces protected from contact 
with oil by a rubber type coating similar to that used in the tyre industry. This 
coating was found to be resistant to the hydrostatic pressure even after a long 
period of testing. The machine which he used was designed to subject a 
cylindrical rod specimen to torsional fatigue with superimposed static fluid 
pressure. Later on Parry [25] investigated fatigue in a hollow cylinder which was 
subjected to the repeated internal pressure. The cyclic pressure was produced by 
reciprocating a ram inside the cylinder which was filled with oil, the 
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pressure being produced by compression of the oil. also protected the surface 
of the specimens with the rubber film similar to that used by Crossland. The 
results from his tests are shown in Fig. 6.1. 
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(after P any [25]) 
White, Crossland and fvlorrison [26] did some testing to discover the effect of 
hydrostatic pressure on the cylindrical rods subjected to fluctuating direct stress. 
They designed a machine which was capable of applying repetitive 
tension-compressioll forces in a hydrostatic pressure environment. Again they 
covered the surface of some of the specimens with the rubber film. Fig. 6.2 
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shows how this protected the specimens from the early failure. 
10' 
CYCLH TO fAILURE 
)( Unprotcctcd specimens. "', 
_. Spccimens prorccted by a rubber film. 
FiQ.6.2 
(after White, Crossland, Morrison [26]) 
In a separate set of tests Crossland, Morrison and Parry [27] investigated the 
strength of hollow cylinders subjected to repeated internal pressure similar to the 
experiment performed by Parry [25). Again, they noticed that protecting the 
surface of specimens by rubber film lengthened their lives. 
The surface of a plain journal bearing has different Idnds of unevenness 
with magnitudes depending on the surface finish. These may be developed to 
micro cracks, which the oil could penetrate and generate extra stresses at their 
tips during crack closure. Thus, it was decided to make a more detailed 
investigation of this ma.tter, by the following steps: 
Analysing the fluid in a. parallel and V-shaped crack. 
Finite element representation of the crack. 
Numerical analysis of the crack closure. 
Application of the crack closure model. 
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6.1 ANALYSING THE FLUID IN A PARALLEL AND V-SHAPED CRACK 
Fig. 6.3 shows a parallel shaped crack at the surface of a journal bearing. 
The crack is filled with oil and it is under direct force F due to tangential stress, 
which varies repeatedly from tension to compression. 
F 
Fig,6.3 
Reynolds' equation for a one dimensional fluid flow (squeeze action) may be 
written as 
fJ (113 gp) _ 12V 
(]X 17 'x 
(6.1 ) 
where h, P, V and x are crack opening, pressure inside the crack, its closing 
velocity, and the distance along the length of crack respectively. Since it was 
assumed that the longitudinal surfaces of the crack remains parallel, the crack 
opening and its closing velocity did not vary with x, thus 
h3 d2P 
1} (IX2 = - 12V (6.2) 
after integrating twice with respect to x and applying the boundary conditions 
(6.5 ) 
g~ = £ ~ "] V x + A 
P 
@ 
@ 
- 1f~v X2 + Ax + B 
1 2 
x L 
x o 
A and B were found to be 
A 
B 
o 
Po + If~V L2 
1 2 
P = P 
o 
dP~ - 0 cr:;x -
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(6.3) 
(6.4 ) 
(6.5a) 
(6.5b) 
(6.6a) 
(6.6b) 
Pressure distribution P inside the parallel shape crack was then determined as 
P 611VL2 (1-~ + P h3 LU 0 (6.7) 
(6.7) is the superposition of a parabolic and a uniform pressure distribution as 
shown in Fig. 6.5a. 
The Reynolds' equation for a one dimensional fluid flow was also solved for 
a crack in which the surfaces were assumed to remain V -shape as shown in Fig. 
6.4. 
..J x 
F 
F 
Fi 6,L. 
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The distance between the two surfaces h and their closing velocity v varies with x 
as 
h II = r x (6.8a) 
V 
v r x (6.8b) 
where H and V are the crack opening and its closing velocity at the surface of 
bearing. Equation (6.1) may now be written as 
(6.9) 
After integrating twice with respect to x and applying the boundary conditions 
(6.12) 
dP - 6VL2 11 + ~-I~x~q ax = 1l3x . 
P 6ri~2rz fnx - :A1~1L B 
. 21- x2 + 
@ x 
@ x 
L 
o 
A and B were found to be 
A 
B 
o 
Po + 6v ii~11 fnL 
P = P 
o 
dP 
= 00 
(6.10) 
(6.11) 
( 6.12a) 
(6.12b) 
( 6.13a) 
(6.13b) 
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pressure distribution P inside the V-shape crack was then determined as (6.14) 
and it is shown in Fig. 6.5b. 
p = -6rlXL2en(r) + Po 
x 
L 
o ~----__ ~--~_ 
p 
Fig. 6.5 
X 
L 
( bl 
(6.14) 
p 
6.2 FINITE ELEMENT REPRESENTATION OF THE CRACK 
Fig. 6.6 shows an existing crack at the 
surface of the white metal layer. Finite element 
method were used to compute the force 
displacement parameters aI' a2, ao, (defined by 
equation 6.22 and Fig. 6.7) and the 
stress at the tip of the crack due to 
different types of loadings. These were 
needed in the numerical analysis of a crack 
filled with oil (Section 6.3), and in 
Fig.6.6 
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calculating the stresses at its tip. Because of the symmetry, only half of the 
geometry was considered, which was very economical in terms of computational 
time. Figs. 6.7 a,c show an existing crack subjected to a parabolic and uniform 
pressure distribution applied to its inner surface similar to the oil pressure inside 
a parallel shape crack given in Section 6.1, while Figs. 6.7 b,c show the pressure 
distribution in a V-shape crack. Figs. 6.7 d,e show the uniform pressure and the 
tangential stress on the surface of bearing next to the crack respectively. 
Fig. 6.8 shows how the (25 x 10) eight noded isoparametric elements were 
finely graded for the .001" crack length. Tables 6.1, 6.2 give the 25 and 10 
elements grading in the directions of crack length and bearing surface 
respectively. 
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Element No. Element Size 
4 15L 10L 8L 7L 50 ) 50 ) 60 , 
5-11 5L 4L 3L 2L 2L L 00 . 60 . 60 . 60 ' 
12-18 L 2L 2L 3L 3L 4L 5L 60 , 60 . 60 . 60 . 60 . 
19-25 1w1 2W1 4W1 6W1 8W1 12w1 16w1 49 ' 49 ' 49 ) 4g-' 49 ';;rg-);;rg-
L crack length 
T white metal thickness 
T 
Element No. 
5 
6-10 
Table 6.1 
Element Size 
L 2L 4L 8L 15L 
00 '60 ) 60 ) 60 'oU 
28w2 40W2 72w2 96w2 124w2 
360 . sl:)(f' 360 '3()(J' 360' 
Table 6.2 
Total 
~L 3 
1 L 
~L 3 
w1 
Total 
L 
"2 
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Since the finite element program calculates the stresses at (3 x 3) gauss 
points within each element, the stresses were extrapolated to the nodal points and 
were averaged with respect to the surrounding elements. To check the fineness of 
the graded meshes, it was decided to compare the stresses in the vicinity of 
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crack tip of Fig. 6.7b subjected to uniformly distributed load of 1 psi with an 
analytical method [29]. Equation (6.15) gives the stresses on line AC of Fig. 6.9 
at a distance r from the crack tip. 
1 1.1214 L 2 
L 
Fi9.6·9 
(6.15) 
(6.16) 
For a senu infinite geometry, [28] gives Equation (6.16) to evaluate K1' Fig. 6.10 
is a plot of stresses on line AC obtained through the FEM and the analytical 
methods. 
As it is shown, the FEM result was reasonably close to that obtained by 
analytical method, which indicates that an adequate number of elements were 
chosen around the crack tip. 
As it is shown in Fig. 6.5a, the pressure inside a parallel shape crack may 
be treated a.s superposition of a parabolic and uniform pressure distribution. A 
H 
U) 
P< 
({) 
({) 
ill 
H 
..... 
({) 
I 
X 
5 
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FEH 
G Q Analytical 
0.00001 0.0 001 
Distance from the Tip of Crack inch 
Crack length = .001" 
Fig. 6.10 
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parabolic pressure distribution of peak 1 PSI was exerted on the crack nodes as 
shown in Fig. 6.7a. Displacement at the top of crack (Fig. 6.6, point B) and 
stresses at a point close to the tip of crack (point A) were computed. Similar 
procedures were followed for the other type of loading shown in Fig. 6.7 and 
result for a .001" crack length are listed in Table 6.3. 
Fig Type of Loading Displacement Principal 
No. (Point B) stress (Paint A) 
inch PSI 
6.7a Parabolic 0.146 x 10-9 .5.21 
pressure on 
crack 
6.7b Pressure in a 0.153 x 9.18 
V-shaped crack 
6.7c Uniform pressure 0.321 x 10 -9 7.39 
on crack 
6.7d Uniform pressure -0.127 x -2.32 
on top of crack 
6.7e Tangen tial stress 0.491 x 10-9 11.3 
Table 6.3 
Tangential stress at the surface of bearing (Fig. 6.7e) produced the highest stress 
at the tip of the crack and highest displacement on the surface (Point B). The 
pressure in a parallel shape crack caused a surface displacement close to that of 
the V-shape crack but the principal stress at the tip of the latter type of crack 
was higher. Stresses and displacement due to a uniform load on the surface of 
the crack (Fig. 6.7c) were approximately three times higher in magnitude than 
those due to the pressure on the surface perpendicular to the crack (Fig. 6.7d), 
which was in compression. 
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6.3 NUMERICAL ANALYSIS OF CRACK CLOSURE 
Equation (6.7) gives the pressure distribution P inside a parallel shaped 
crack. Rearranging it and substituting for velocity V results 
V=- (6.17) 
(6.18) 
At the tip of the crack (x 0), the parabolic pressure distribution PI is at its 
maximum value 1 
Pi 
-OIlH 12 }-I3 (6.19) 
or 
H _ 1 H3p --~ i (6.20) 
(6.20) is a first order clifferential equation to be solved. 
The crack opening II at any instant of time may be represented by (6.21) 
H (6.21 ) 
where Hi' H2) Ho are the crack opening contributions due to the pressure 
distribution P l' uniform stress P 2 and uniform pressure Po acting on the crack as 
shown ill Fig. 6.7. 
II 1 
H o 
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( 6.22a) 
(6.22b) 
(6.22c) 
a l ) a2) ao are the force displacement parameters, which were determined by 
the FE1VI method explained in Section 6.2. The expressions of (6.22) were 
substituted in (6.21) and the equation was rearranged for Pl' 
H (6.23) 
(6.24) 
PI was then substituted in (6.20) 
H (6.25) 
Equation (6.25) may be written as 
II ( 6.26) 
where 
1 (6.27a) 
(6.27b) 
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(6.26) is a first order differential equation. As an initial condition, the crack was 
taken fully open. A first order Runge Kutta method (6.28) was used for solving 
it. The process was continued until a steady state condition was achieved. 
H 
n+l 
The four factors K1 , .... , K4 were defined as 
K1 Ll t f( t ) H ) n 11 
K2 Llt f(tn + ¥-' Hn + ~ Kl) 
K3 Llt f(t + Llt 11 H + ~ K 2) n ~ 
(6.28) 
(6.29a) 
(6.29b) 
(6.29c) 
( 6.29d) 
Using the linear interpolation, the values of C2 at finite time steps Llt were 
obtained. At each instant of time, the pressure inside the crack was calculated 
by substituting for H in (6.24). Any negative pressure was set to zero. Having 
obtained the pressure inside the crack, the total maximum principal stress was 
t hen calculated as 
(6.30) 
where (Tp and Us are the ma.ximum principal stress contributions at the tip of the 
crack due to the pressure inside the crack and to the tangential stress acting on 
the surface of the bearing. 
At this point, it was decided to check the program before a.pplying it to the 
IS9 
Blundell's and Gyde's cases. This was done by considering a crack which was 
initially opened (Ho = .6 x 10-5 inch) and then was left to close. The tangential 
stress and surface pressure were neglected (C2 = 0 in 6.26) so that it would be 
possible to solve the equation analytically. 
(6.31) 
(6.32) 
H (6.33) 
The crack opening II plotted in Fig. 6.11 was then compared at different 
time intervals with those obtained by the numerical method. The results were 
identical. The slow rate of closure was due to term C1 in Equations (6.33), 
(6.27a), which was dependent on viscosity fL. Lowering the viscosity to 10 or 1 
centipose increases the closing rate considerably. 
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6A APPLICATION OF THE CRACK CLOSURE MODEL 
Upon satisfactory testing of the crack closure model, it was decided 
to apply the model to simulation of Blundell1s and Gyde 1s tests cases. In this 
way, the surface stresses which were found responsible for the failure of material 
were related to the stresses at the tip of a surface crack, which has oil inside it. 
Crack closure causes oil pressure build up inside the crack, which affects the shape 
of S-N diagram by increasing the stresses at the tip of the crack. 
6.4.1 Application of the Crack Model to Blundell!s Test Cases 
Case.> No. 518 of Blundell, which had a sudden change of surface 
stresses from maximulll tensile to maximum compressive, was chosen to apply the 
model on. > To represent the results better, the time variation of stresses, 
pressure, and crack opening were plotted. Different instants of time (journal 
positions) were labelled 011 each plot (i.e. 1, 2, 3 .... ). The top plot on Fig. 6.19 
shows the time variation of surface stress (P2 in Equation 6.2.5) at a position on 
the bearing surface where its maximum occurs, as a solid line. This plot aJso 
shows the time variation of surface pressure (Po in Equation 6.25) at the same 
position on bearing as a dashed line, but to a different scale (zero to ma.'(imulTI 
pressure at that position). The peak of the pressure curve is labelled with its 
magnitude. The next plot shows the time variation of the crack opening 
displacement II, which indicates very low decay (0.15235 x 10-5 inch to 0.1551 x 
10-5 inch, shown only to two decimal point on the computer plot). The third 
plot gives the time varia.tion of peak pressure PI inside the cra.ck, which shows a 
rapid increase in the time interval 23 to 24, tha.t is as the maximum tangential 
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stress drops to its minimum value (3200 PSI to -45000 PSI). The fourth plot, 
with a peak at time instant 24, shows the time variation of maximum principal 
stress at the tip of the crack. This is the superposition of principal stress due to 
oil pressure generated inside the crack and to the stresses on the surface of 
bearing. Fig. 6.23 shows the time variation of stresses, pressure al1d crack 
opening H for Case No. 528, which was compared earlier with Case No. 518, in 
Chapter Five. The crack opening H is maximum at time instant 8, before the 
surface stress goes through a gradual decline from maximum tension to maximum 
compression (point 8 to point 5). The peak pressure Pl inside the crack and the 
stresses at its tip become maximum at this point (5). 
The crack closure model was applied to the remainder of the Blundell's 
test cases. Figs. 6.12 - 6.23 show the stress and pressure plots for some of those 
cases. Maximum principal stress at the tip of the crack for each case and the 
corresponding times of failure listed in Table 6.4 were used in plotting the new 
S-N diagram shown in Fig. 6.24. A comparison of Fig. 5.56 and Fig. 6.24 
indicates some shifting of points due to pressure build up inside the crack, which 
spreads the points in a wider stress range, but the new diagram still shows the 
points to have considerable scatter. Point 18, which was at a lower stress level 
than point 19 in Fig. 5.56 has moved to a higher stress level in Fig. 6.24. This 
was because of higher oil pressure and higher rate of stress drop at the maximum 
stress point for Case No. 518 with respect to Case No. 519 (Fig. 5.23 and Fig. 
5.24). In the first case, as shown in Fig. 6.19, the stresses at bearing angle 282 
vary between 3200 PSI to -45000 PSI and the pressure reaches 63400 PSI, while 
for Case No. 519 shown in Fig. 6.20, the tangential stress at the position of its 
maximum tensile value varies between 38000 PSI to -21000 PSI and the pressure 
reaches 29200 PSI, giving lower rate of stress drop. This causes slower crack 
closure and hence lower pressure build up in the crack, resulting in a lower stress 
at the tip of the crack for Case No. 519 compared to Case No. 518. Similar 
193 
argument may be used to explain why point 28 representing Test Case No. 528 
(see Fig. 6.23), which was at a higher stress level than point 18 in Fig. 5.56, has 
moved to a lower stress level in Fig. 6.24, or to compare any other points between 
the two diagrams. 
The other importalit parameter in spreading the points in Fig. 6.24 was 
thought to be the sensitivity of bearing performance to the uncontrollable 
fluctuation of input load reported by Blundell. This may also have produced the 
variation in failure positions (Table 5.5 page 154) and in times to failure (Table 
5.7 page 163) reported by Blundell for his nominally identical tests. Hence, it 
was decided to investigate how a 600 LbF change in input amplitude, that is the 
uncertainty reported by Blundell, ma.y affect two of the points on the S-N 
diagralll (points 19 and 20 in Fig. 6.24). A 600 LbF increase of load amplitude in 
the directions of A alld B axes in Test No. 519 (Fig. 6.2.5) increases the pressure 
and stresses on the surface of the bearing and the stresses at the tip of the crack 
(point 19 shifts to 1.9 x 105 PSI stress level on Fig. 6.24). A 600 LbF reduction 
of load alnplitude in the directions of A and B axes in Test No. 520 (Fig. 6.26) 
reduces the stresses at the tip of the crack to 1.9 x 105 PSI. These show the 
sensitivity to small variations of input loads on the stresses inducing in a bearing 
shell. Experimentalists in this field should be aware of this. Another parameter 
which may produce scattering of results on the S-N diagram is the deviation of 
the theoretically generated input load diagram, from the actual experimental load 
diagram (Fig. 3.3 a, b). However, sensitivity tests have not been conducted for 
this parameter. 
Shape of the crack may also become an important parameter, influencing 
the stresses at the tip of the crack Similar steps as explained for a parallel shape 
crack were taken for a V-shape crack. Force displacement factor al required in 
Equation 6.25 and stresses at the tip of the crack given in Table 6.3 were used for 
this purpose. Fig. 6.27 shows the pressure and stress plots for Case No. 518; the 
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layout was explained earlier. Again, the maximum principal stress at the tip of 
the crack for all the cases listed in Table 6.5 were used in plotting the S-N 
diagram shown in Fig. 6.28. A comparison of Figs. 6.24, 6.28 show that the 
V--shaped crack assumption gave higher stress levels than the parallel shaped 
crack, due to the higher stress factor given in Table 6.3. 
In the finite element computation of stresses at the tip of the crack, for 
simplicity plane strain was assumed (i.e. the crack was assumed infinitely long in 
the axial direction). However, a crack may have other shapes in an axial 
direction, such as part circular or semi eliptical. Rooke and Cartwright [29] have 
shown that the stresses at the tip of the first type crack may be as low as 47% of 
stresses due to plane strain assumption, while this figure may vary between 55% 
to 95% for the latter type crack depending on the side ratio of ellipse. Hence the 
shape of the crack in the axial plane could have a significant effect on fatigue life 
and be another source of scatter. 
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Test Maximum Principle Stress Hours to Failure 
No. at the tip of crack x 105 PSI 
1 2 3 
501 0047 37 39.5 40 
502 1.0 29.5 36 
503 0.67 16.75 22 
504 1.20 20 17 
505 0.61 14 17.5 16 
506 0.84 26 37 
507 1.2 28 in 39 
508 0.33 31 57 72 
509 0.88 36 
510 0.70 30 39 
511 0.66 27 31 40 
512 0.53 27 25 
513 1.10 29 li1.5 32 
514 1.20 42 26 i14 
515 0.76 26 27 24 
516 1.95 21 14 26 
517 0.97 12 17 
518 2.30 6.6 6. 
519 1.50 6. 5.8 
520 2.50 24 13 
521 2.60 30 32 
522 0.74 28 33 
523 lAO 14 16.5 
524 0049 10 13. 
525 1.2 9 14. 
526 0.92 12 17. 
527 1.7 35 27. 
528 2.10 38 31': o. 
Crack shape = parallel 
Table 6.4 
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Test Maximum Principle Stress Hours to Failure 
No. at the tip of crack x 105 PSI 
1 2 3 
501 0.88 37 39.5 40 
502 2.00 29.5 36 
503 1.25 16.75 22 
504 2.50 20 17 
505 1.10 14 17.5 16 
.506 1. 70 26 37 
507 2.6 28 41 39 
508 0.56 31 57 72 
509 1.72 41 36 
510 1.27 30 39 
511 1.20 27 31 40 
512 1.02 27 25 
513 2.30 29 14.5 32 
514 2.60 42 26 44 
515 1.50 26 27 24 
516 4.20 21 14 26 
517 1.90 12 17 
518 5.1 6.6 6. 
519 3.1 6. 5.8 
520 5.5 24 13 
521 5.74 30 32 
522 1.50 28 33 
523 2.80 14 16.5 
524 0.89 10 13. 
525 2.48 9 14. 
526 1.75 12. 17. 
527 3.55 35. 27. 
528 4.38 38 35. 
Crack shape = V 
Table 6.5 
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6.4.2 Application of The Crack Model to Gyde's Test Cases 
Gyde's Test Cases (701-748) covered a wide range of mean and 
amplitude loading (Fig. 5.37). Twelve of these cases, with mean load values 
ranging between zero to a value much higher than the load amplitude (Tests Nos. 
707-744 shown in Figs. 5.38-5.49), were chosen and the crack closure model were 
applied to them. Figs. 6.29-6.33 show the stress and pressure plot for some of 
these cases. In Fig. 6.29, the crack opening H was a maximum when the surface 
tangential stress was in maximum tension (time instant 24). The stresses at the 
tip of the crack became maximum, when surface stress reached its highest 
compressisve level (time instant 17). Maximum, minimum and amplitude of the 
stresses at the tip of the crack for each case, and whether the bearing on that test 
failed after 107 cycles (failures marked with crosses and non-failures with circles) 
are listed in Table 6.6. To compare Gyde's and Blundell's Test Cases, maximum 
stresses were plotted on the same S-N diagram (Fig. 6.34). Since Gyde's 
experiments were performed with lower input loadings than those of Blundell's 
experiments, the resulting stresses will fall in a nanow band of the diagram (0.11 
x 105 PSI to 0.42 x 105 PSI). The exact times of the failure for Gyde's bearings 
were not known. All the bearings were checked only once after 107 running 
cycles, hence the failed and unfailed Test Cases were ma.rked respectively with 
crosses and circles at the left and right side of a line drawn at 107 cycles on the 
S-N diagram (Fig. 6.34). 
Among the Gyde's Test Cases shown in Figs. 5.38-5.49, Cases Nos. 707, 
710 had zero mean load, hence there were two regions of similar eccentricity ratio 
and pressure curves around the bea.ring, which mea.nt the shaft was travelling in 
similar patterns in these two regions. Tests Nos. 716-721 had mean loads with 
values much lower than the load amplitude. The shaft was travelling more in 
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one side of the bearing, making the oil film thinner and the peak pressure higher 
on that side. Test Nos .. 726, 733, 734 had mean loads equal or slightly higher 
than the load amplitude. This shifts the eccentricity and pressure curves to one 
side of the bearing, which meant the shaft was travelling only on that side of the 
bearing. Test Nos. 732, 736, 744 had mean loads much higher than the load 
amplitudes. Their eccentricity loci appeared as a point, meaning the rotating 
shaft was not travelling on a path; it had remained at one point. This was 
thought to generate some extra heat, which may explain why Test Nos. 732 and 
744 with higher maximum stresses than Test Nos. 707, 716, 719 did not faiL The 
extra heat may induce some compressive stresses in the surface, which could close 
the crack and prevent the oil from entering. Fig. 5.37 shows that Test No. 736 
was an odd case, failing under low amplitude loading. 
O.U.E-t04 
~!l 
~I I~ t-~ 
-.67E+03 
O.5SE-06 
Iii: 
o 
O.2Ol::tOS 
\ 
\ 
\ 
TEST NO 707 CO ROTATIONAL LOAD • i LAND BEARING 
Fi 9,6.2 9 
216 
0.B2.E+Oa 
-.69Et03 
0.40£-06 
I~ 
() 
Q.15EtOS 
TEST NO 716 CO ROTATIONAL LOAD . 1 LAND BEARING 
Fig. 6,30 
217 
O.54E-06 
O.37ft().!l 
I~ 
o 
O.2()Et(t5 
I 
/ 
I 
/ 
/ 
/ 
/ 
TEST NO 719 CO ROTATIONAL LOAD , 1 LAND BEARING 
fi 9,6.31 
218 
l).tllE+04 
lit 
o 
O.31Et65 
li 
~: 
~~ 
i!c 
O.18E+OS 
TEST NO 732 CO ROTATIONAL LOAD . 1 LAND BEARING 
Fig,6.32 
219 
O.2OEt04 
-,21Et04 
O.tOE-ilS 
O.10E-OS 
O.72Et04 
I~ 
, 0 
O ... HEtOS 
I 
/ 
I 
\ 
\ 
" "-
"-
" 
\. 
\. 
\. 
\. 
\. 
" 
TEST NO 744 CO ROTATIONAL LOAD , 1 LAND BEARING 
., 
---""" 
220 
I 
/ 
/ 
2.4 rn 20 
2.7 
I.t"'J 
1~ 1~ 
0 
...... 
x 2.1 
....., 
<.Ii 
n. 16 
""'" u LK to >-
U 
4-
0 
C. 
...., 1.5 
OJ 
..c: 
..., 
~ Lin 
" ;; 23 23 
..., 
to 
'" 
1.2 
'" 
Ie = 
-
""...J 
OJ 
>-
..., 13 
'" 
u 0.9 
. J~ ~~ 
c 
E 
:;:) 
E 
-0.6 
3
c c 
-
oJ 
x 
to 
:::: 4 24 
0.3 
I 
I 
Test Nos. 501-528, 707-744 6.3 
Flg.6.34 
Ln21 , 
20 
; 
16 16 28 2~ 
27- n 
., 
'''+ r 
r ,. 13 13 
L 2 
6 • ':J, 6 !':J 
152.; ~. 22 1C 
3 11 1 1 
12 12 
1 
5 ' 8 8 
I l 
12.6 18.9 25.2 31.5 37.8 
No. of Cycles to Failure x 105 
xX 0 
)( 
0 
0 
)( ~ 0 
x 
0 
63 lOU N 
rv 
f-' 
222 
6.4.3 Stress Amplitude versus the Number of Cycles to Failure 
Gyde showed that the loading amplitude was an important factor in 
bearing failure (Fig. 5.37). Except for Test No. 736 (marked 36), the rest of the 
failed Test Cases were outside or on the boundary of an approximately constant 
load amplitude lines. Hence, it was decided to use the stress amplitude at the tip 
of the crack to plot the S-N diagram. Maximum, minimum and amplitude value 
of the stresses at the tip of the crack for all of the Blundell's Test Cases 
(501-528) and the twelve chosen Gyde's Test Cases (707-744) mentioned in 
Section 6.4.2 are listed in Tables 6.6, and 6.7. Since the actual time of failure for 
Gyde's Test Cases were not known, they were distinguished with crosses and 
circles at 107 cycles, while Blundell's Test Cases with known failure times were 
marked with numbers 1-28. A comparison between the two diagrams (Figs. 
6.34, 6.35) shows the same general pattern. The crack shape and sensitivity of 
input load data mentioned in Section 6.4.1 should bring similar effects to the S-N 
diagram (Fig. 6.35). It should be noted that the above method of calculating the 
stresses at the tip of a crack, was only an approximation to show the order of 
magnitude of expected stresses, during a complete loading cycle. 
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Test No. Maximum principle stress Failed X 
at the tip of crack x 105 PSI Unfailed 0 
Maximum Minimum Amplitude 
707 0.20 0.13 0.07 X 
710 0.34 0.21 0.13 X 
716 0.15 0.09 0.06 X 
717 0.11 0.07 0.04 0 
719 0.20 0.13 0.07 X 
721 0.23 0.14 0.09 0 
726 0.28 0.16 0.12 0 
732 0.31 0.18 0.13 0 
733 0.41 0.23 0.18 X 
734 0.42 0.24 0.18 X 
736 0.22 0.16 0.06 X 
744 0041 0.23 0.18 0 
Table 6.6 
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Test No. Maximum principle stress 
at the tip of crack x 105 PSI 
Maximum Minimum Amplitude 
501 0.47 0.21 0.26 
502 1.00 0.31 0.69 
503 0.67 0.30 0.37 
504 1.20 0.28 0.92 
505 0.61 0.31 0.30 
506 0.84 0.26 0.58 
507 1.20 0.28 0.92 
508 0.33 0.19 0.14 
509 0.88 0.31 0.57 
510 0.70 0.32 0.38 
511 0.66 0.31 0.35 
512 0.53 0.20 0.33 
513 1.10 0.27 0.97 
514 1.20 0.30 0.90 
515 0.76 0.23 0.53 
516 2.00 0.41 1.59 
517 0.97 0.38 0.59 
518 2.30 0.36 1.94 
519 1.50 0.43 1.07 
520 2.50 0.35 2.15 
521 2.60 0.36 2.34 
522 0.74 0.24 0.50 
523 1.40 0.37 1.03 
524 0.49 0.24 0.25 
525 1.20 0.33 0.87 
526 0.92 0.38 0.54 
527 1.70 0.36 1.34 
528 2.00 0.38 1.62 
Table 6.7 
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CIIAPTERSEVEN 
SUMMARY AND CONCLUSIONS 
In this thesis, the results of a detail investigation into the fatigue stress 
analysis of journal bearings based on simultation of experimental tests performed 
by other workers is presented. For this purpose, a computer program developed 
by Lloyd and McCallion was modified to generate the centreline pressure 
distribution at very finely graded and constant meshes, which may be used by the 
finite element program for calculating the stresses. Great care was taken in 
generating a wide range of different input load diagrams as close as possible to 
those reported by Blundell. 
The results of temperature and diametral clearance tests of the program 
showed that, under the same loading conditions, bearings operating at a higher 
temperature or with a higher diametral clearance will generate a higher peak 
pressure and a greater maximum eccentricity ratio. These eventually decreases 
bearing life. Similarly increasing the bearing's land length lowers both the 
maximum peak pressure and the maximum eccentricity ratio, giving a longer life 
to the bearing, but space limitation in the internal combustion engines does not 
usually permit using longer length bearings. Surface distortion, neglected in the 
Lloyd and ]\.'fcCallionFs program, has an effect on the pressure curves. Allen [22] 
showed that surfa.ce distortion makes the pressure curves of connecting rod 
bearings less steep, however the very thick housing used in the test rigs lowers 
this effect. 
For calculating the stresses in the bearing shell, a finite element program 
capable of working in Cartesian form was extensively modified to also work in 
polar coordinates. This made it possible to compute the stresses in the radial 
and tangential directions, due to a centreline pressure distribution or the stresses 
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in the axial direction due to a parabolic variation of pressure. An automatic 
mesh generating program capable of generating the meshes for both geometries 
(rectangular and circular) was written and found to be very advantageous in 
saving time and in reducing the possibility of errors. Further modification to the 
FEM program enabled it to handle multiple loading cases, giving considerable 
savings in the calculation of the stiffness matrix. Extensive work done in writing 
codes for plotting routines proved to be extremely useful in presenting the results 
clearly. For the purpose of verification and illustration, an application to a 
bimetalic strip, of white metal on a steel backing, subjected to a parabolic 
pressure distribution, was presented. Contour plots of stresses showed that the 
two normal stresses (J ,(J were uniform in the white metal layer. (J at the 
x y x 
interface to two metals became discontinuous. This was due to the fact that 
although both metals underwent the same strain, their material properties were 
different. The shear stress 7 xy had its maximum value on the interface closer to 
the free edge. 
In a search to find the type of stress responsible for the fatigue, all the 
different stresses in the white metal layer including the radial, tangential, shear, 
maximum principal, maximum shear and maximum distortion energy, which were 
suspected to cause the failure were investigated. Radial stress had the same 
magnitude as the applied pressure but in compression. r,,1Iaximum shear and 
maximum distortion stresses had similar plot shapes with their highest point 
under the peak pressure away from the point of failure. Blundell chose 7 at 
xy 
the interface of two metals for his stress analysis, but it had been shown that the 
crack starts from the surface and then advances toward the interface. Therefore 
7 ,which was zero at the surface and has a value lower than ma..ximul11 shear 
xy 
stress at the interface may not be responsible for the failure. The tangential 
stress (J () which had repetitive tension to compression changes at points closer to 
the failure position reported by Blundell and Gyde was more likely to be 
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responsible for the failure. 
The results obtained from calculating the stresses in a bearing shell 
supported on a rigid surface did not show any tensile tangential stress. This 
indicates that although the steel housing supporting the bearing shell was 
designed very thick to niake the bending effects negligible, tensile tangential 
surface stresses of sufficient magnitude to cause failure were still induced. This 
shows how important the bending effect could be in a connecting rod bearing, 
which lacks a thick support. 
Since there was no shear stress at the surface of white metal, the radial and 
tangential stresses were the two principal stresses. The third principal stress a3 
was found to be equal or slightly higher than the tangential stress in a region 
under the pressure curve. Outside the pressure curve in the critical region, a3 
was less than half the maximum principa.l stress (tangential stress). Ma.ximum 
and mean value of tangential stresses were plotted on a modified Goodman 
diagram. Boundary lines connecting the endurance limits to the ultimate 
strength on the diagram of Gyde's results did not separate the failed and unfailed 
bearing Test Cases. This indicates that the Modified Goodman diagram cannot 
be used as a criterion of failure in dynamically loaded journal bearings, which 
requires a more complex stress analysis. However, the diagram showed that all 
the failed bearing cases were under repetitive tension to compression changes. 
The plot of m2lxinlllm principal stresses versus the number of running cycles to 
failure (S-N diagram) showed some scattered results. 
A more careful investigation of the stresses at their maximum point (the 
critical region) for the CO and antirotationalloading cases showed that the time 
period between the maximum tensile stress to minimum compressive stress of 
co-rotational loading cases was a lot shorter tha.n for antirotational loading cases. 
The bearings under the first type of loading failed quicker than those under the 
second type. Experimental work by Crossland and others showed that covering 
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the surface of fatigue specimens tested under hydrostatic pressure with a rubber 
type coating increased the life of specimens. 
A full investigation of a crack behaviour at the point of maximum 
tangential stress was planned in the following steps: 
Analysing the fluid in a parallel and V-shape crack 
Finite element representation of the crack. 
Numerical analysis of the crack closure. 
Application of the crack closure model. 
Effect of changing the crack shape. 
Results of the above investigation showed that the pressure in a parallel 
shaped crack gives surface displacement close to that of a V-shaped crack, but 
the principal stress at the tip of the later type crack was considerably higher. 
The tangential stress at the surface of a bearing produced the highest stress at the 
tip of the crack and the highest displa.cement on the surface compared to other 
types of loading. The slow rate of crack closure was found to be related to the oil 
viscosity. Application of the crack model on different cases showed a rapid rise 
of pressure inside the crack due to a sudden drop in magnitude of tangential 
stress, which increased the principal stress at the tip considerably. This increase 
for the V -shaped crack assumption was higher due to a higher stress factor 
obtained by the FEIVI method. The above approximate method of calculating 
stresses at the tip of the crack, which was based on the paTallel and V-shaped 
crack assumptions, gave the order of magnitude of stresses that may be expected 
at the tip of the crack during a complete loading cycle. 
Application of a crack model on Blundell's Test Cases and plot of 
maximum principal stress at the tip of the crack versus the number of running 
cycles to failure (a new S-N diagram compared to a previous one based on surface 
stresses) showed some shifting of points due to pressure build up inside the crack. 
The shift spreads the points in a wider stress range, but the points on the new 
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diagram still have considerable scatter. Sensitivity of bearing performance to the 
uncontrollable variation of input load, as reported by Blundell, was found to be 
an important parameter in altering the final results calculated at the position of 
maximum tangential stress. A 600 LbF increase of load amplitude for Test No. 
519 and 600 LbF reduction of load amplitude for Test No. 520 resulted in 
considerable change of maximum principal stress at the tip of the crack (points 19 
and 20 in Fig. 6.24). A 600 LbF variation of mean load in direction of A axis 
shifts the angular position of maximum peak pressure by 40. Smoothness of the 
theoretically generated input load diagrams compared to the actual experimental 
load diagrams may also affect the final results. The plane strain assumption in 
the finite element stress analysis of the cracks, which considers infinite crack 
length in axial direction, may also be very important in scattering points on the 
S-N diagram. Other workers [29] have shown the stress at the tip of a crack 
having part circular shape in the axial direction may be as low as 47% of plane 
strain assumption. 
Application of the crack model to Gyde's Test Cases, which covered a wide 
range of luean load and of load amplitude (zero mean load to mean load much 
higher than the amplitude) showed some interesting results. Since Gyde's 
experiments were performed with lower input loading than those of Blundell's 
experiments, and since all his tests were left to run for longer time periods (107 
cycles L the resulting stress points fall in a very narrow band of stresses on the 
S-N diagram compared with those of Blundell. A comparison of unfailed Test 
Cases 732 and 744 with failed Cases 707, 716 and 719 showed that 732 and 744 
had higher maximum principal stresses at the tip of the crack than failed Cases 
707, 716, 719. Due to the high mean load compared to amplitude, the journal in 
732 and 71H hardly moved in the cleara,llCe, whereas 707, 716 and 719 had large 
journal movements (Figs. .5.45, 5.49, 5.38, 5.40, 5.42). This lack of 
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movement may have generated some extra heat at the failure point, inducing 
compressive stresses which may have closed the crack and prevented the oil from 
entering. 
Since Gyde had shown the load amplitude to be an important factor 
in bearing failure, a new S-N diagram based on the calculated crack tip stress 
amplitude was plotted. A comparison between this diagram and the diagram 
based on maximum stress showed the same general pattern. 
\ 
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